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PUBLICATION DISSERTATION OPTION 
This dissertation is organized in two main parts consisting of two formal sections. 
Section one contains the research introductory material, two manuscripts published, one 
manuscript accepted for publication, and one submitted for publication in a fourth peer 
reviewed journal. The first paper from pages 11 to 42 has been published as an open 
access article in the Journal of Environmental Quality (Witt et al., 2013a). The second 
paper from pages 43 to 67 has been published in Chemosphere (Witt et al. 2013b). The 
third paper from pages 68 to 101 has been accepted for publication in Atmospheric 
Environment (Witt et al. 2013c). The fourth paper from pages 102 to 144 is prepared for 
submission to Applied Geochemistry. Section two contains conclusions with 






Eighteen unsurfaced roadways in Missouri’s rural Ozark region were sampled to 
characterize the differences in trace element and isotopic chemistry to determine if there 
is a human health concern with inhaling and/or ingestion of fugitive dust generated by a 
moving vehicle. Road reaches were selected to represent those in similar rural areas with 
and without the presence of mining activity—13 roads were selected in the Viburnum 
Trend (VT) resource mining area and five were located to the southwest of the mining 
areas. Samples were collected using a novel cyclonic fugitive dust sampler (patent 
pending) that collects a composite sample from a specific reach length of road surface 
directly from suspension. Preliminary results show that road dusts collected from the VT 
area have substantially larger concentrations of contaminant trace elements relative to 
those roads in non-mining areas with Pb being the predominant trace metal. Sequential 
extraction analysis of samples shows that Pb in the VT dusts is most often associated 
with the exchangeable + carbonate and reducible phases whereas road dusts outside the 
mining area had a larger proportion of the total concentration associated with the less 
mobile oxidizable and residual geochemical phases. In vitro simulated body fluid 
extractions revealed that as much as 78% and 100% of the total Pb concentration in 
mining road dusts is extracted by gastric and artificial lung fluids, respectively.  Isotopic 
ratios of Pb from the individual sequential extracts for all dust samples show minimal 
difference indicating mixing among the operational phases; however, three component 
end-member mixing was useful in apportioning the total labile Pb among smelter 
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1.1 RESEARCH PROBLEM 
There are hundreds of miles of un-surfaced roads (gravel, sand, and/or native 
loam) in Missouri’s rural road maintenance program.  Many of these roads are located in 
the St. Francois Mountains of Missouri where a legacy of Pb mining and smelting has left 
the area with a substantial amount of Pb contamination (U.S. Environmental Protection 
Agency, 2010).  The dusts created by traveling these roads may become a biohazard 
under numerous scenarios including but not restricted to: inhalation and/or injection of 
dust particles by occupants of vehicles, dispersal of dusts into homes located adjacent to 
roadways, and dispersal of dusts into back yards soils or playgrounds frequented by 
children.  The U.S. Environmental Protection Agency (USEPA) in collaboration with the 
Missouri Department of Natural Resources conducted a study in 2008 to determine the 
extent of Pb contamination in soils along roadways in Missouri’s Pb-producing region. 
Portable X-ray fluorescence (XRF) results show Pb concentrations ranging from 20 to 
more than 89,000 parts per million (ppm) in areas adjacent to and distributed throughout 
the Mark Twain National Forest along ore haul roads (U.S. Forest Service, 2010, written 
communication). Rucker (2001) also found Pb concentrations ranging from 10,550 to 
more than 30,000 ppm in forest soils within two miles of the Buick Pb recycling smelter 
in Iron County, Missouri. Both Bolter (1975) and Bornstein (1989) found nearly identical 
results for soils collected in the same locations documenting a history of Pb accumulation 





(2001) indicate that PbS particles released by mining, milling and smelting operations 
can be persistent materials in soil profiles for decades. 
These high metal concentrations near mining and smelting operations are 
alarming given that global background concentrations are on the order of a few tens of 
ppm. For example, the average global soil and crustal Pb concentration has been 
determined at 19 and 14 ppm, respectively (Schacklette and Boerngen, 1984). Total Pb 
concentrations for more than 77,000 stream sediments and soils randomly collected 
throughout the United States averages 17 ppm (U.S. Geological Survey, 2004). Erdman 
et al. (1976) determined the background Pb concentration in Missouri to be 24 ppm and 
Tidball (1984) measured 1140 samples of Missouri soil to determine a background Pb 
concentration of 20 ppm. Murgueytio et al. (1998) measured Pb concentration of soil, 
water, and indoor dust several miles to the west of Missouri’s Pb-producing region and 
found background concentrations to be generally less than 75 ppm. Wronkiewicz et al., 
(2006) found background Pb concentration in the -230 mesh grain size fraction of 
Missouri stream sediments ranging from 28 to 68 ppm. Clearly, the impact of extraction, 
transportation of ore, and processing via smelters has contributed to the enrichment of Pb 
in soil and possibly the dust of the region’s many un-surfaced county roads.  
It is widely known that elevated environmental Pb concentration is associated 
with adverse effects on human health, including degradation of the central nervous 
system, and acting as a cofactor in many other diseases (Bellinger et al., 1991).  Under 
the new Federal standards, Pb is considered a hazard when equal to or exceeding 40 
µg/ft
2
 of Pb in dust on floors, 250 µg/ft
2
 of Pb in dust on interior window sills, and 400 





rest of the yard (U.S. Environmental Protection Agency, 2001). On October 15, 2008, the 
USEPA promulgated a revised National Ambient Air Quality Standard for Pb. The 
revision strengthened the 1978 standard tenfold, decreasing the allowable concentration 




(USEPA, 2010).  This strengthening of the standard is the result 
of extensive research showing that blood-Pb levels as low as 10 µg/dl have affected child 
development (Bellinger, et al., 1987; Dietrich et al., 1987; Needleman, et al., 1990). 
Given the profound health concern for Pb in the environment, additional research is 
needed to better understand the relative behavior of different phases, mobility, and 
potential sources of Pb in fugitive dust in a region with a legacy of Pb contamination. 
Such specific information will enhance the body of information presently available on 
environmental Pb contamination allowing regulators to prioritize regions for cleanup, 
identify applicable and cost-effective remediation technologies (e.g., in situ fixation 
versus removal), and determine relative proportions of contaminants derived from local 
sources. 
Presented herein is a comprehensive study of fugitive road dust captured in 
suspension using a novel sampling device that will closely mimic the potential inhalation 
exposure to dust particles of various sizes. There is a need to better understand spatial 
distribution of soil/dust contamination, geochemistry, and source finger-printing to 






1.2 RESEARCH HYPOTHESIS 
The research hypothesis is designed to produce data and conceptual models that 
will enhance the understanding of Pb contamination in road dust and provide information 
for resource managers who can then design efficient and cost effective mitigation 
strategies for human exposures to this metal (e.g. prioritizing road segments for asphalt 
pavement to reduce dust levels).   Furthermore, this work will be used to provide 
education and training opportunities for University students, local communities affected 
by Pb contamination, and resource managers on the source, fate and mobility of Pb in 
legacy contaminated regions in Missouri and in other regions where Mississippi Valley-
Type Pb-Zn (MVT) ores predominate (Leach, et al., 2010). 
Approximately 380,000 people live within the 9 county region of Missouri’s Pb-
producing region (U.S. Census Bureau, 2009). This region also contains 9 major towns 
having demographics indicating more than 28 percent of the population is under the age 
of 18 years; a population that can be substantially susceptible to health effects of Pb 
contamination (U.S. Census Bureau, 2009).  Traveling on un-surfaced roads in Missouri 
is a daily way of life for most in these rural areas. These roads are relied upon for 
transporting children to school, going to and from work locations, shopping, and 
recreation. To ensure that populations are safe from current and legacy hazards, 
environmental managers must complete the characterization picture and move past 
general associations and assumptions regarding Pb concentrations in the environment. 
Current analytical techniques allow scientists and engineers to build a better picture of an 





isotopic fingerprinting. The research presented herein seeks to combine several 
methodologies used by investigators around the world with a focus on Pb-dust 
contamination in the largest Pb-producing region of the United States. An area where Pb, 
Cu, and Zn have been mined from as early as 1720 and currently produces 70 percent of 
the Nation’s Pb needs.    
 
1.3 RESEARCH QUESTIONS 
The following research questions are addressed in this study. 
1. What is the best field method for both collecting and characterizing Pb 
contamination of fugitive road dust so the result can be assigned to a specific 
reach length of road surface and potentially be used as a geographic aid for 
mitigation strategies? 
2. What is the difference in trace element concentration of fugitive dusts in mining 
and non-mining area unsurfaced roads and how do the concentration differences 
appear to relate to specific activities on the landscape such as mine tailing storage, 
ore concentrate hauling, and smelting as well as distance and direction from these 
sources? 
3. How is the total Pb concentration of a dust sample distributed among the 
operational phases of a sequential extraction procedure and the implications of 
these results for describing the mobility and mineralogy of Pb in the environment? 
4. What are the differences in Pb mobility and mineralogy in dust from mining and 





5. How much of the total Pb concentration in dust is bioaccessible through ingestion 
and inhalation, and how does this change the effective exposure level for 
individuals traveling or living along contaminated roadways? 
6. What are the sources of Pb contamination in fugitive dust from unsurfaced roads 
in the study area? 
7. How can this research be applied by the regulatory community to help prioritize 
mitigation efforts? 
 
1.4 RESEARCH OBJECTIVES 
The specific objectives of this research are: 
1. To assess the differences in dust chemistry and mineralogy between unsurfaced 
roads in mining and non-mining areas; 
2. To determine the mobility and bioaccessiblity of Pb in dust from each sampled 
area; 
3. To use isotopic ratios to determine the sources of Pb in dust from the mining area;  
4. And, to construct a model that regulatory managers can use to prioritize clean-up 
activities for unsurfaced roads that have severe Pb contamination problems. 
These objectives were achieved through the collection of more than 18 samples 
from unsurfaced roads in and outside the Viburnum Trend resource mining district. 
Sample collection was followed by extensive laboratory preparation that involved single 
and sequential extraction techniques followed by analysis using both the inductively 





plasma mass spectrometer (ICP-MS). Furthermore, sample extracts were analyzed using 
a multi-sector ICP-MS to determine precise isotopic ratios. These results were compared 
with isotopic ratios of various potential end-members from the literature to arrive at the 
conclusions presented herein. 
 
1.5 SIGNIFICANCE OF THE STUDY 
Without question environmental Pb contamination is a major concern globally 
and especially in regions where a legacy of mining, Pb-ore processing, and recycling 
have occurred. The work presented herein will help the scientific community build a 
more complete picture of environmental Pb contamination by evaluating the largest 
potential mechanisms for human-health exposure associated with fugitive road dust and 
the correlations of those mechanisms with their surroundings; the specific geochemical 
phases of Pb in fugitive road dust; and the source of Pb associated with each geochemical 
phase. The study approach combined several proven methods of analysis coupled with 
custom collection techniques to build this picture. 
Because Missouri’s Pb-producing region is a MVT ore deposit representing just 
one of many globally, the research findings are expected to benefit resource managers in 
similar areas throughout the world where techniques are needed to better characterized Pb 
exposure in the environment. These MVT deposits account for approximately 35% of the 
world’s lead and zinc resources and occur in 25 reported mining districts in the USA and 
Canada, plus an additional 17 deposits elsewhere throughout the world including rapidly 





obtained from this study will be directly applicable to studies on human health issues in 
MVT mining regions throughout the world and likely will have implications for areas 
where other Pb deposits occur.   Also, these findings need not be limited to just mining 
areas but can prove useful in urban areas where environmental Pb contamination has led 
to elevated blood-Pb levels in the local population. Resource managers are often 
challenged by the lack of information needed to develop mitigation strategies. The results 
of this research should provide a better understanding of the Pb contamination problem 
and how to deal with its clean-up. 
The development of the cyclone dust sampling system may also enhance any 
study where the collection of large sample volumes of easily suspended dust particles is 
desired.  For example; the use of a CFD sampler mounted on an ‘all-terrain vehicles’ to 
gather soil dust particles to evaluate metal contamination levels in cropland or to collect 
dust particles in the Sahara Desert in a comparative analysis with dispersed eolian dust 
patterns throughout the Atlantic and Caribbean regions. 
 
1.6 OUTLINE OF THE DISSERTATION 
Section One presents the research problem and hypothesis, research questions 
addressed in this study, objectives, and the significance of this research. Also presented 
are four papers, two that have been published in peer reviewed journals, one that has been 
accepted pending revision in the journal Atmospheric Environment, and one that has been 
drafted for submission to the Journal of Applied Geochemistry. A journal proof bearing 





Paper one describes the construction, deployment methods, and quality assurance 
results of the Cyclonic Fugitive Dust (CFD) sampler and is published in the Journal of 
Environmental Quality. The CFD was conceived by the author and constructed in 
collaboration with Dr. David J. Wronkiewicz. The research presented herein required a 
sampler that could collect samples directly from the atmosphere following dust 
suspension from a moving vehicle. The sampler’s design includes the use of a GPS unit, 
vacuum, cyclone, collection container, filter, and inert polypropylene tubing to direct the 
flow of air to the cyclone. Nine samples were collected from dusts generated on a rural 
road in Ozark County, Missouri to test the representativeness of the sample process. 
Samples were measured for particle size and trace metals. Results show that the sampler 
consistently collects a sample of the same particle size and chemistry. A patent is pending 
for the design of this sampler. 
Paper two describes the results of deploying the sampler to measure trace element 
concentrations of dust from unsurfaced roads in the Viburnum Trend resource mining 
district and from roads located outside the mining area but within similar rural settings 
and geology. The study shows that dusts resuspended from unsurfaced roads in the 
mining area have a substantially higher concentration of trace elements with Pb being the 
predominant trace metal. Aerosol concentrations were calculated using the CFD 
collection parameters to show that Viburnum Trend road dust exceed the Federal ambient 
air standard of 0.15 µg m
-3
. 
Paper three describes the results of the sequential extraction and bioaccessibility 
effort.  This is a particularly interesting paper because no one has used these extraction 





show that dusts produced from driving over unsurfaced roads in the mining area has a 
substantial portion of the Pb concentration associated with the more mobile exchangeable 
+ carbonate and Fe+Mn-oxide geochemical phases. By comparison, unsurfaced road 
dusts outside the resource mining area have lower metal contents, as expected, and a 
larger portion of the total Pb concentration associated with the immobile organic+sulfide 
and non-silicate bound residual phases. Three regression models are presented that use 
this characterization to allow regulators to predict the mobile and bioaccessible 
concentrations of Pb directly from total Pb concentrations extracted by aqua regia. The 
study demonstrates that a complete characterization of a subset of roads in a 
contaminated area can help resource managers prioritize mitigation efforts. 
Paper four investigates the use of isotopic ratio to determine the sources of Pb in 
each sequential extract and for the total concentration of each sample. Results show there 
is minimal difference in ratios between the individual extracts. Overall the study shows 
that road dusts in the Viburnum Trend area are a mixture between the end-members of 
smelter deposition and US aerosols.  
Section two is a closing section and summary of the important observations and 
conclusions from this research. These represent the outcomes and contributions from this 
study to science. In addition, some questions and concerns that stem from analysis of the 
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of dust, Pb contamination, trace metal concentrations, cyclonic sampler, scanning 
electron microscopy 
Briefs: Preliminary testing of a novel fugitive dust collection system suggests repeatable 
sample collection yielding sufficient quantity available for extensive chemical, physical, 
and microscopic characterization and reference. 
 
Abstract 
Fugitive road dust collection for chemical analysis and interpretation has been 
limited by the quantity and representativeness of samples. Traditional methods of fugitive 
dust collection generally focus on point-collections that limit data interpretation to a 
small area or require the investigator to make gross assumptions about the origin of the 
sample collected. These collection methods often produce a limited quantity of sample 
that may hinder further efforts to characterize the samples by multiple geochemical 
techniques, preserve a reference archive, and provide a spatially integrated 
characterization of the road dust health hazard. To achieve a ‘better sampling’ for fugitive 
road dust studies, a Cyclonic Fugitive Dust (CFD) sampler was constructed and tested. 
Through repeated and identical sample collection routes at two different collection 
heights, 50.8 cm and 88.9 cm above the road surface, the products of the CFD sampler 
were characterized using particle size and chemical analysis. The average particle size 
collected by the cyclone was 17.9 µm, whereas particles collected by a secondary filter 
were 0.625 µm. No significant difference was observed between the two sample heights 
tested and duplicates collected at the same height; however, greater sample quantity was 





removed 94% of the particles greater than 1 µm which substantially reduced the loading 
on the secondary filter used to collect the finer particles; therefore, suction is maintained 
for longer periods of time allowing for an average sample collection rate of about 2 g/mi. 
 
Introduction 
Fugitive dust is an airborne contaminant that is common in rural areas where 
unsurfaced gravel and dirt are the predominant road surfaces as well as urban areas close 
to heavy industry and truck traffic, thus generating higher population exposures and 
accompanying public health impacts. The health effects of fugitive dust range from 
aggravation of the respiratory system to systemic addition of trace elements in the blood 
through inhalation and ingestion. Studies have shown that Pb in dust is responsible for 
significant increases in blood-Pb levels of persons living within close proximity to Pb-
dust sources such as mining, smelting, recycling, and other industrial activities 
(Murgueytio et al., 1998; Kerin and Lin, 2010; Johnson and Bretsch, 2002; Thornton et 
al., 1990; Needleman and Bellinger, 1990).  Trace metals associated with fly ash and 
bottom ash released from power plants and incorporating onto road surfaces can also 
have a direct effect on human health (Zeneli et al., 2011). Contaminated unsurfaced roads 
can be a persistent and unavoidable health hazard for those living beside or regularly 
traveling these roads. Given the human health concern of fugitive dust, field methods 
need to be refined to provide a representative, repeatable, and sufficient quantity of 
sample to better characterize the chemical hazard of this exposure mechanism. 
The collection of samples for the chemical characterization of fugitive dust has 





roadside vegetation, deposits on soils, cascading impactors, or collected by installing 
open pans near unsurfaced roadways in potentially contaminated areas (Erel and Torrent, 
2010; Duggan and Inskip, 1985; Kerin and Lin, 2010). These methods have served an 
important role in defining fugitive dust contamination; however, with respect to fugitive 
road dust sampling where an 8 to 16 km reach of roadway is to be sampled from a 
moving vehicle, these methods do not support repeatability and representativeness (Que 
Hee et al., 1985).  Swabs from homes and dashboards of vehicles only represent those 
particular locations, and contaminated dust collected in these environments is difficult to 
track back to a road surface since it could have come from almost anywhere. Roadside 
vegetation only represents a single point along a roadway and many samples would need 
to be collected to represent an 8 to 16 km reach.  Pan collection is generally unattended 
and can be compromised by vandals or weather and like roadside vegetation; several of 
these would need to be deployed to represent an entire road reach. Surface soils that are 
alleged to be ‘transported dust’ do not provide defensible results because the sample can 
be a mixture from several sources. Impactors are focused on particles size delineation 
collecting size ranges that will be harmful when inhaled and do not take into 
consideration that particle ingestion of all suspended sizes is a much larger contributor to 
elevated blood-Pb levels (Steele et al.,1990; Biggins and Harrison, 1980; Barltrop and 
Meek, 1979). Also these samplers use greases, oils, and other compounds that facilitate 
collection of sample for analysis. This has been recognized as a problem for 
representative chemical analysis (USEPA, 1983). Furthermore, and most importantly, 
these methods neither produce the needed quantity of sample for rigorous geochemical 





to perform X-ray diffraction, total and sequential extraction, particle size analysis, gravity 
separation, and repeat analysis, nor do the methods provide a spatially integrated 
characterization of the health hazard. To provide the scientific community with another 
technique for collecting fugitive dust, an inexpensive collection approach was developed 
to chemically characterize dust that is collected directly from suspension, before it 
interacts with other substrates in the immediate environment, and without gross 
assumptions regarding its origin.  
The sampling approach presented herein uses a cyclonic dust collection design 
that is commonly used by particle-separation industries throughout the world and is 
inspired by the pioneering aerosol collection research proposed by May (1945) where 
successive plates were used to impact particles as they pass through a fluid stream. 
Cyclonic separation effectively removes particles from a fluid by establishing a helical 
flow pattern inside a conical container. The vortex acts on the entrained particles creating 
centrifugal forces that push the particles to the walls of the conical container allowing 
them to slow by friction processes and slide down the container sides and into a 
collection bin. Standard conical cyclones (vertical configurations) have collection 
efficiencies ranging from 10 to 100% for particle sizes ranging from 0.3 to 10 µm, 
respectively (Wark et al., 1998). Incorporating a cyclone into the collection air stream 
removes the large particle component of the fugitive dust before affecting the filter. This 
prevents filter blockage due to mesh space filling and loss of suction in the sampler 
promoting greater collection efficiency, longer collection times, and enables a larger 
volume of sample per unit distance of road surface. There are cyclonic collectors 





expensive to acquire, do not provide the quantity of sample needed to perform rigorous 
and repeated geochemical analyses, and have not been demonstrated to be useful in 
fugitive road dust studies where samples are collected from moving vehicles over long 
distances and from varying road surface heights. 
The purpose of this paper is to present the design of a novel and economical 
Cyclonic Fugitive Dust (CFD) collection system that can be used for fugitive dust studies 
where trace metal contamination of these suspended solids is a concern. Also presented 
are data from preliminary assessment of the CFD sampler when deployed using a moving 
vehicle collection process. This was accomplished through repeated deployment in an 
identical sampling environment, and use of scanning electron microscopy (SEM), energy 
dispersive spectroscopy (EDS), and partial-digestion chemical analysis to characterize the 
samples collected. The results presented here include a description of the sampling 
device, methodology used to collect samples, characterization of test samples collected 
using particle size analysis, and qualitative and quantitative chemical analysis. Results 
will demonstrate the utility and representativeness of the sampling method, as well as 
address the variables affecting sample collection and quantity. 
 
Materials and Methods 
Sampler Design and Deployment 
The CFD sampler is relatively simple to construct with inexpensive materials and 
was specifically built for collecting fugitive dusts generated by a moving vehicle for the 
purpose of collecting a large amount of sample to facilitate chemical digestion, SEM, X-





could be used in stationary situations where a representative sample is needed to 
characterize fugitive dust effects at a single location. The sampler is designed to be 
quickly dismantled in the field for cleaning between sampling locations. It consists of a 
wooden frame that can be constructed in any configuration to hold a 10-L Nalgene 
cyclone collection container, cyclone (conical tube), intake tubing, and a small 5.5 peak 
horsepower shop vacuum with an airflow rate of 5.52 m
3
/min (Fig. 1).  The configuration 
presented here uses 6.35 cm inside diameter clear flexible polyvinyl chloride (PVC) 
tubing for the air intake, and a high-density polyethylene (HDPE) cyclone (Dust Deputy, 
Onieda Air Systems, Syracuse, NY). The cyclone is mounted to a piece of wood with a 
hole cut out for the cyclone opening, and below the opening is a number 415 wide-mouth 
Nalgene cap that is glued into a recess that was cut out with a router. This recessed area 
allows for easy replacement of exchangeable sample containers between sampling 
locations. A 5-µm mesh tortuous-path filter is attached to a plastic intake adapter that 
comes with the vacuum. This effectively traps extremely fine particles that do not deposit 
in the HDPE cyclone collection container. A static pressure sensor was added to the 
intake portion of the vacuum housing before the filter. This sensor was attached to an 
analog gauge that measures pressure changes in units of water column (w.c.), and was 
used to test the airflow changes resulting from filter loading. All parts that come into 
contact with the sample are either PVC or HDPE, with the exception of the in-line static 
pressure tube, and are acid washed with 5% HNO3 solution and subsequently rinsed with 
de-ionized water and allowed to air dry before deployment. The vacuum is powered by a 





weighed before and after sampling in the field using a portable electronic scale with 
measurement capability to the nearest gram. 
The CFD sampler is deployed by positioning the unit in the rear most area of a 
pickup truck bed so the intake reaches over the edge behind the rear tires and on the 
opposite side of the exhaust pipe (Fig. 1). The optimal distance from the back of the truck 
to the CFD intake was determined to be about 90 cm, however, this may vary depending 
on the make and model of truck driven. The CFD sampler intake also should be 
positioned so it collects suspended dust and not fine sand to granule size particles thrown 
by the vehicle tires. This is accomplished by angling the sampler unit at 45 degrees from 
the longitudinal axis of the tailgate. 
After setting the sampler in the proper position and securing it to prevent 
movement, the track log setting is selected on a hand-held Geospatial Positioning System 
(GPS) unit, the vacuum is turned on, and the route of unsurfaced road is driven for a user 
defined length between 40.2 to 56.3 km/h. At the conclusion of the sampling event, the 
10-L collection container is weighed and the sample is transferred from the 10-L 
collection container to a certified acid-washed 118 mL storage container and labeled with 
pertinent information. The secondary filter is removed from the vacuum housing and 
stored in a labeled polyethylene sampling bag. All field notes are reconciled to the 
identification information on the sample storage containers and the containers are placed 
in a clean dry cooler for transport to the laboratory. Before collecting another sample, the 
entire unit is dismantled for washing and acid-rinsing of the cyclone, replacement of the 
PVC intake, and cleaning of the vacuum intake and filter holder. Because of the time it 





with pre-cleaned and acid-rinsed tubing of the same specifications. PVC tubing was 
chosen because the material can be bent around a small radius without collapsing, is clear 
so obstructions can be identified and removed, and it is able to resist repeated acid 
washing without becoming brittle through degradation. Also no attempt is made to clean 
the 10-L cyclone sample collection container in the field. Additional pre-cleaned and 
acid-rinsed 10-L containers were exchanged between each sampling site. It is important 
that all sampler components be dry before sample collection or a substantial amount of 
sample may be lost to the walls of each component. Under optimal conditions and with 
careful pre-field planning, 6 to 10 samples can be collected in a 10-hour day.  
The secondary filter chosen for this study is a household dust mask with a 
nominal mesh size of 5 µm. This mask is a tortuous-path fiber filter that would typically 
be used by the public (National Institute for Occupational Safety and Health--N95) for 
reducing exposure to dust and other airborne contaminants. This filter was chosen 
because it represents a filtration product typically used by the general population for 
limiting dust inhalation. Furthermore, it has low loading potential and is effective at 
grabbing charged particles that are smaller than the filter mesh size. Figure 2 shows a 
SEM image of the secondary filter with particles smaller than the mesh size attached to 
the media by Van der Waals forces. Other filters can be used but loading is a factor that 
must be considered if a long road distance and large sample quantity is needed for the 
study. Incorporating smaller pore size filters in the system requires successive layers 
from larger to smaller pore/mesh sizes. This would reduce loading and provide the best 
analysis of sub-micron particles. Optimal designs for adding finer filter sizes in 





commercially available cascading impactors may be an appropriate addition for post 
cyclone particle separation if the collection plates can be shown to be free from trace 
element contamination. Furthermore, adding this feature will substantial increase the cost 
of the sampler. 
 
Field Testing 
The field testing component of this validation effort was done on an unsurfaced 
gravel/dirt road in rural Ozark County, Missouri (beginning lat 36.620468, long 
-92.26936; ending lat 36.620511, long -92.269356). This particular location was selected 
because it is extremely rural with minimal vehicular traffic. To minimize variability, all 
samples needed to be collected in one day and sampling conditions needed to be 
identical; other vehicles on this road at the time of sampling would have compromised 
the results. After a one week period of dry weather in October 2011, nine separate 
samples were collected on the same 5.63 km. segment of the selected road. The strategy 
employed was to collect five samples with the intake set at 50.8 cm above the road 
surface and five samples at 88.9 cm above the road surface. The intake hose fell off 
during collection of sample six resulting in the invalidation of this sample for analysis. 
The selected sample size was focused on the number of samples that could be collected 
during a single day.  Estimated sample size was calculated using the average number of 
grams of sample collected per km and substituting this as a population size estimate. 
Then the equation of Krejcie and Morgan (1970) was used to calculate the sample size of 





The sampler is designed so the user can select any height above the road surface 
simply by using plastic wire clamps to hold the PVC tubing to the sampler frame. The 
50.8 cm height was selected to provide a distance from the road surface that would 
collect a large quantity of sample without collecting coarse   material not normally 
suspended that could be thrown by the tires. Initial testing of the sampler with the intake 
set directly behind the tires resulted in gravel size particles being drawn into the suction 
air stream. This was eliminated by angling the CFD sampler at 45° to avoid tire spray so 
the sample that is collected represents only particles that suspend for 10 or more seconds. 
The 88.9 cm height was selected to represent the average height to the window opening 
of a compact to a standard size sedan vehicle. This would be the exposure region of 
suspension for individuals driving unsurfaced roads with their windows down. Wind 
shear generated along the sides of the moving sampling vehicle can affect sampling 
efficiency; however, this variability was not quantified. Sample collection times for this 
analysis ranged from 15 to 17 minutes with no stoppages during the collection period. 
There was no change in static pressure from the beginning to the end of each sample so it 
was assumed there was no loss of suction during collection due to filter loading. 
Therefore, per vacuum design specifications the sampler processed about 83.5 m
3
 of dust-
laden air. Airflow during sampling would likely change for longer road reaches; 
therefore, it may benefit this technique by adding a more precise flow metering device 
linked to a continuous data logger.  The cyclone sample container was weighed before 
and after each sampling period to determine the quantity collected. Samples collected by 
the cyclone were labeled C1 through C9 and those collected by the secondary filter were 





Two additional samples (DU1 and DU2) were collected from unsurfaced 
gravel/dirt roads located in forested rural settings of the Viburnum Trend mining 
subdistrict of Missouri’s Pb-mining and metals processing region. Soils in the region 
have been shown to contain persistent Pb contamination
 
making this an ideal place to test 
the CFD sampler’s ability to collect contaminated dust (Bolter et al., 1975; Bornstein, 
1989; Rucker, 2001). Sample DU1 represents an 8 km reach of unsurfaced road 
(beginning lat 37.657778, long -91.178611; ending lat 37.683333, long -91.166667) that 
was traveled twice to accumulate a large quantity of sample. This sample was collected in 
September 2011 and the weather conditions were extremely dry with an air temperature 
of 36.7°C (98°F). The road surface was primarily composed of quarry stone layers on top 
of native soil with an overall well-maintained appearance. The road terminated at a gated 
fire-access road that was not passable by the air-sampling vehicle. There was no other 
traffic on this road during the 30 min sampling period.  
Sample DU2 represents a 20.4 km reach of unsurfaced road that follows a ridge 
top in a heavily forested area (beginning lat 37.533333, long -91.050; ending lat 
37.566667, long -91.133333). The road is maintained by the U.S. Forest Service and is 
primarily used for logging operations, but also receives some traffic from local residents. 
Quarry stone additions to this road surface were minimal, so the sample primarily 
represents dust generated from exposed native soils. This sample was collected in 
October 2011 and the weather was a mild 15.5°C (60°F) with a clear sky. There was no 
other traffic on this road during the 35 minute sampling period. An odor assumed to be 






Particle Size Analysis 
Particle sizes were determined from images collected using a Hitachi S-4700 
SEM located at the Missouri University of Science & Technology (MS&T), Advanced 
Materials Characterization Laboratory. Samples collected by the cyclone were prepared 
by suspending small aliquots of dust in ethanol and pipetting drops onto SEM stubs 
covered in double-sided carbon adhesive tape. To reduce any potential particle size bias, 
additional samples were prepared by dipping stubs covered with the carbon adhesive tape 
into an aliquot of sample followed by rinsing with compressed air. The ethanol 
suspension method alone may be preferential to the smaller particles because the larger 
particles would tend to drop out of the solution more quickly. To improve the 
randomness of the analysis, images from both preparation methods were used. All 
cyclone samples were sputter coated for 240s using a gold-palladium (Au-Pd) target with 
a sputter time of 120s being sufficient to reduce charging effects. 
Dust that was collected on the secondary filter was rinsed from the filter into a 
collection dish using ethanol. To improve image quality and encourage particle 
separation, the samples were mounted on a silicon wafer that was mounted on a SEM 
stub with the carbon adhesive. To increase the number of particles per image, some 
samples were prepared by simply dipping the carbon-taped stub onto the surface of the 
filter. All filter dust samples were sputter coated for 240s with Au-Pd.   
Imaging conditions for the cyclone-collected samples included a 10kV 
accelerating voltage, 11nA emission current, 12.3mm working distance, and zero tilt. The 
lower secondary electron detector within the microscope produced the best quality image 





magnification. Instrument imaging conditions for the filter-collected samples included a 
10kV accelerating voltage, 9nA emission current, 12 mm working distance, and zero tilt. 
The best image quality was obtained at 10,000X magnification. Particle size was 
measured manually using the ImageJ software (National Institute of Health, version 
1.44p) by measuring the longest axis of a given particle (maximum Feret diameter) 
identified in each of 10 randomly selected horizontal tracks across the image. Cubic 
particles were measured on an axis diagonal to the corners on a single plane.  Between 
five and eight images were acquired for each sample. A total of 118 images were 
collected and 100 of 118 were used for particle size analysis. Graphical and inferential 
statistics were performed using STATA 9 software (StatCorp, College Station, TX). 
 
Chemical Analysis 
Cyclone collected particle samples were analyzed at the MS&T Environmental 
Research Center Laboratory for the trace elements Pb, Zn, Co, Ni, Cu, Cd, and As. For 
each sample and standard reference material, approximately 0.5 g of material was 
weighed accurately and added to 50 mL acid washed disposable digestion vessels and 
digested using U.S. Environmental Protection Agency method 200.2 (USEPA, 2003)
 
. 
The chosen digestion method is designed to partially digest dry soil and sediment 
samples for the determination of trace element concentration with the exclusion of metals 
bound into digestion resistant silicate minerals.  In general, digestion is accomplished by 
adding 2 mL of diluted HNO3 mixture (500 mL concentrated trace metal grade HNO3 to 
500 mL ASTM Type I water) and 5 mL of diluted HCl mixture (200 mL concentrated 





containing the samples. The vessels are digested at approximately 95°C for 45 min. 
Ribbed polypropylene watch glasses were placed on the open digestion vessel for the 
duration of the digestion process. After the hot block digestion time, the samples were 
allowed to cool, the watch glass residue was rinsed into the vessel using ASTM Type 1 
water, and the sample volume was brought to 50 mL using same water. Samples were 
capped and shaken before allowing to settle for 24 hrs. To complete the process, extracts 
were decanted from the digestion vessels into pre-cleaned 200 mL polypropylene storage 
bottles.   
Immediately following digestion, samples were analyzed by the inductively 
coupled plasma mass spectrometry (ICP-MS) method after appropriate dilution. A model 
Elan DRCe ICP-MS instrument (Perkin Elmer SCIEX, Norwalk, CT, USA) equipped 
with a cyclonic spray chamber with a Meinhard nebulizer and platinum cones was used 
for analysis. The samples were delivered at 1 mL/min by a peristaltic pump. The RF 
power was set at 1,500 watts. Argon flow rates for the plasma and auxiliary gas were 
15.0 and 1.2 L/min, respectively. Quantitation was performed using an internal standard 
method. A multi-element internal standard mixture purchased from PerkinElmer 
(PerkinElmer SCIEX, Norwalk, CT, USA) was added continuously online. Arsenic as 
arsenate was detected by DRC mode to eliminate the chloride interference from the HCl 
addition during digestion. Oxygen was used as the DRC reaction gas.  
To ensure good quality data, USEPA recommended QA/QC methods were 
followed. Laboratory quality control included measurement of blanks, standards, and 
duplicates. All digestion vessels, lids, watch glasses, and extract containers were soaked 





air dry before using. All laboratory consumables were used only once and discarded. 
National Institute of Standards and Testing (NIST) standard reference materials SRM 
2711 Montana II Soils and SRM 2587 Trace Elements in Soil (contains lead from paint) 
were analyzed in triplicate to assure method recovery and measure the variability of the 
analytical process. Instrument calibration was carried out at the element concentration of 
0.02 to 50 µg/L linear range. Good linearity (R
2
 =0.9999-1) were obtained. Energy 
Dispersive Spectrums were acquired using the Hitachi S-4700 and EDAX system. These 
were used to estimate dust particle compositions and to assist with estimating dilutions 
for the sample digestions prior to analysis. The EDS analyses are conducted without 
standards, and thus are semi-quantitative. 
 
Results and Discussion 
Size distribution analyses for 2,657 particles were measured from cyclone 
samples C1 through C9. Sample C9 had the fewest number of measurements with 150, 
and C2 had the most with 450 particles measured. Distribution of particle size is nearly 
the same for each sample with some variation in outliers (Fig. 3). C1-C5 (group 1) 
represents samples collected at 50.8 cm above the road surface. The quantity of sample 
collected at this level ranged from 3 to 11g with an average quantity of 7g resulting in a 
collection average of 2 g/mi. Samples C6-C9 (group 2) represents suspended particles 
collected at 88.9 cm above the road surface. The quantity of these samples ranged from 2 
to 4g with an average quantity of 2.7 g resulting in a collection average of 0.77 g/mi. For 
group 1, particle sizes ranged from 1.97 to 92.6 µm, and, for group 2 particle sizes ranged 





significant difference in particle size within and between the two groups.  In general, 
larger particles were found more often in samples collected at a height of 88.9 cm; 
however, the presence of these particles was not sufficient to alter the median particles 
size relative to those collected at 50.8 cm. The mean particle size for groups 1 and 2 are 
17.3 and 18.6 µm, respectively. A paired t-test of these means indicates there is no 
significant difference.  Given this, it was determined that the expected average particle 
size to be collected by the cyclone is 17.9 µm. This effort does show that large particles 
ranging from 30 to 90 µm can be suspended to heights of 88.9 cm and possibly higher 
above the road surface. From a human health perspective these larger particles could be 
problematic in contaminated areas where suspension would likely be a driving 
mechanism for ingestion and/or inhalation; especially if these large particles were 
associated with a trace metal contaminant such as Pb.  
Particle analysis was not performed on samples DU1 and DU2, however, one 
image was acquired of cyclone collected DU2 dusts and 55 particles were measured. 
Although the results of this count are insufficient in quantity to assure a random 
sampling, the range of particles is consistent with those observed in Figure 3. The 
minimum and maximum particles sizes were 4.0 and 86.1 µm, respectively. Average 
DU2 particle size was computed at 20 µm with a standard deviation of 13.9 µm.  
SEM images show the range of particles size and shape (Fig. 4). EDS mapping 
combined with phase morphology suggests most of the particles are quartz, calcite, and 
Al-Si clays. Ambient soils in the study area are derived primarily from carbonate rock, 
but most of the particles observed in the imagery are likely from the periodic additions of 





particles in the images do not look that much different from the aggregate on the road 
surface. 
More than 800 particles were measured from images of the mesh filter media. 
Particles capture by F1 through F5 ranged from 0.183 to 3.19 µm, and F7 and F9 ranged 
from 0.187 to 1.63 µm.   The distribution of particle size for the seven samples is shown 
in Figure 3. In general, there was less variability in the filtered particles than in the 
cyclone particles, and fewer large outliers were observed. The average particle size 
captured for the filtered samples at 50.8 cm and at 88.9 cm above road surface are 0.625 
and 0.561 µm, respectively. A paired t-test between all sample means indicates there is 
no difference. Furthermore, less than 6% of the particles on the filters were larger than 1 
µm, indicating that the cyclone efficiently removes about 94% of the larger particles. 
Images presented in Figure 5 show the particle distribution from a sample that 
was prepared by dipping the SEM stub directly onto the collection surface of the filter. 
Particles collected by the dust filter tend to be more rounded and grouped relative to 
those captured by the cyclone. EDS was used to provide a semi-quantitative analysis to 
assist in the determination of particle chemistry and mineralogy. Results suggest that 
filter collected particles are primarily quartz, CaCO3, Fe oxide minerals, and Al-Si clays.  
Dust samples were further characterized by performing the previously described 
partial-digestion chemical analysis. Analytical results of samples C1, 2, 3, 5, 7, 8, 9, 
DU1, DU2, and the standard reference materials are presented in table 1.  Samples C4 
and C6 were saved to be used as control samples when the CFD sampler is deployed 
during field studies. Because trace elements will be the focus of collection when this 





and As were measured. Cyclone collected samples were singled out for this study 
because this is where the bulk of sample will be collected. Particles in this part of the 
sampler represent the size ranges that have been shown to be associated with large trace 
metal concentrations (Wixson et. al, 1975). 
Variability between samples within the same group height and between samples 
of different group height was small and within analytical error. A paired t-test was 
performed on groups 1 and 2 for each element and resulted in a determination of no 
significant difference. The greatest degree of variability between samples was for Pb. 
Three samples C1, C2, and C9 fell slightly outside the 95% confidence interval (9.867 to 
13.647) calculated for the mean Pb concentration of the seven samples. Analysis of 
standard reference materials in triplicate validates the repeatability of the analytical 
process at larger trace metal concentration—Pb concentration varied less than 0.5% from 
the mean concentration of the three replicates. 
Samples DU1 and DU2 were collected from roadways in regions where Pb 
contamination has been identified and it was expected that Pb and Zn concentrations 
would reflect the concentrations documented by others for soils in the area (Bolter et al., 
1975; Bornstein, 1989; Rucker, 2001). The unsurfaced road where sample DU1 was 
collected is about 4.82 km north of an active secondary recycling smelter and within 
close proximity to former Pb-ore hauling roads. The road where DU2 was collected also 
is near the active smelter but to the south and east about 3.22 km. This road was not used 
for Pb-ore hauling. Background concentration of Pb in Missouri ranges from 20 to 24 
mg/kg
 
(Tidball, 1984).  Samples DU1 and DU2 exceeded the background concentration 





these samples with respect to the background concentration, but not to the degree of 
variability observed. These results demonstrate the value of the CFD sampler for 
collecting contaminated dusts. Furthermore, this sampler and the methods tested 
demonstrate the capability for collecting substantial quantities of fugitive road dusts in 
Missouri’s Pb-producing region. Approximately 15 to 20 g of fugitive dusts were 
collected from each road surface with some retention of dust in the PVC intake tube and 
on the walls of the 10-L cyclone collection container.  
There are many factors that will affect the results of data collection and will show 
deviations from the results of this analysis. For example, ambient soil moisture and 
relative humidity at the time of sampling will substantially affect the suspension of dust 
from a road surface.  Therefore, the prevailing weather conditions are an important 
consideration in planning a field study. Sampling during the dry summer months should 
provide the best overall outcome, but winter months could be equally productive as long 
as there is a substantial period of dry weather before sampling. 
The type of road material also will affect suspension. During several test runs on 
various unsurfaced roads throughout Missouri, it was observed that roads with a quarry 
stone base produced substantially more dust than roads composed solely of the local soil. 
These roads tended to produce a white suspension that persisted in the atmosphere for 
more than 10 seconds and in some cases longer than 1 min. Local soil roads that appear 
to be predominately clay and sand seemed to produce less dust than soil roads mixed with 
natural stone. The stone component of the road surface mixture tends to support fine 
particle suspension by increasing surface area friction associated with the moving vehicle 





suspension. Samples DU1 and DU2 were characteristic of this suspension as both 
samples are brown to red in color.  
Rural unsurfaced roads will have reaches that are open to sunlight and covered by 
forest canopy. During the testing phase of this sampler, it was observed that traveling on 
shaded reaches of road produced less dust than reaches in full sunlight. Although there 
has been no quantification of sample volumes surrounding these conditions, it may be 
appropriate to increase the collection distance where shaded road surfaces predominate. 
This can usually be accommodated by doubling back on an already sampled reach if a 
shorter reach is within your study design. Dust suspension also is affected by road surface 
grading. This activity occurs frequently in rural areas as the road surface becomes rough 
or in rare cases impassible. Roads that have been recently graded produced the most dust 
if grading was done after an extended period of dry weather; otherwise, road grading can 
expose moist layers causing a reduction in dust generation. In many cases, field planning 
for these conditions can be adjusted by contacting the local county road maintenance 
office. They generally keep records on grading dates, quarry stone additions, and general 
road repairs. All is valuable information when interpreting the results of data collection. 
The speed of the collection vehicle also can result in variable quantities of dust 
collected. The optimal collection speed was determined to be between 40 and 56 km/h in 
this study. Traveling speeds less than 40 km/h generally will not produce suspensions 
high enough off the road surface and speeds in excess of 56 km/h will cause shear 
velocities at the CDF intake nozzle causing preferential selection of larger particle sizes. 
It was observed that local residents using unsurfaced roads on a daily bases generally do 





vehicle finishes, and erode tires. This shows that the optimum sample collection speeds 
are well aligned with the representative activity in rural areas where these roads 
predominate. 
Wind speed may also be a contributing factor to collection and should be taken 
into account. High wind speeds will likely carry dust away from the CFD sampler before 
it passes in front of the intake. As a rule, wind speeds should not exceed 16 km/h on a 
given sampling day. Exceeding this will reduce the quantity of sample collected and may 
affect a representative collection of particles sizes. 
It is not an uncommon occurrence in rural areas for one or more vehicles to be 
following each other on unsurfaced roads; when this occurs there is substantially more 
dust put into suspension. In fact, during periods of dry weather exceeding more than a 
week, a following vehicle on an unsurfaced road may have visibility reduced to 3.05 or 
4.57 m with the dust suspension plume reaching heights exceeding 6.10 m above the road 
surface. Although not performed in this study, sample collection during these conditions 
should increase the sample quantity and provide a more representative sample of fugitive 
dust exposure to the local population. However, following another vehicle may introduce 
contamination not specifically associated with dust generated from the road surface. This 
must be taken into account when interpreting results and it is suggested that in areas of 
expected trace metal contamination where this scenario occurs, a second sampling of the 
road reach should be acquired to confirm results.  
The components of the sampler can play a role in the quantity and quality of 
sample collected. The filter chosen for this analysis represents one that would be used by 





adding filters of progressively smaller mesh size to better quantify sub-micron particle 
sizes. Also adding a series of commercially available impactors may help to maintain 
airflow while capturing sub-micron particles. The decision to add smaller mesh-size 
filters should be done with caution as this could reduce the airflow through the cyclone 
rendering it less efficient. Chemical analysis of the dust captured on the filter used for 
this study is currently being investigated and was not a part of this reporting.  
 
Conclusions 
The development of the CFD sampler provides a new tool with improved 
capabilities for those conducting fugitive road dust studies worldwide. Under the 
controlled sampling conditions presented herein, sample collection volume was best at 
collection heights closer to the road surface; however, both collection scenarios will 
produce a substantial amount of sample in an 8 to 16 km reach of unsurfaced road.  
Adequate sample volume will support an extensive array of physical and chemical 
analyses while allowing for the preservation of reference samples for future 
investigations.  
The SEM images, particle size, and chemical analysis performed during this study 
provide assurance that the CFD produces relatively consistent results. Measurement of 
more than 3400 particles from both the cyclone and filters indicates that particle sizes did 
not differ significantly between samples and sampling heights.  Furthermore, chemical 
analysis for trace elements shows small variability in results. These results while limited 
in robustness, provide a basic assurance that the CFD sampler will perform under 





technology that is ready for use by the scientific community and it is encouraged that 
investigators perform their own testing and validation as a quality assurance measure.   
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Table 1.—Results of partial-digestion analysis of cyclone particle samples, digestion 
blank, standard reference materials digested in triplicate, and test samples from two Pb-
contaminated roads (<, less than method determination level). 
 
 Trace Element (mg/kg)   
Sample 
Designation 






C-1 14.4 23.2 3.1 7.2 4.7 0.2 10.7 3 50.8 
C-2 14.2 24.8 3.4 7.8 4.7 0.3 12.6 6 50.8 
C-3 11.1 22.8 2.9 7.4 3.5 0.2 11.7 6 50.8 
C-5 10.8 23.9 3.0 7.6 3.8 0.2 11.7 11 50.8 
C-7 11.4 25.2 3.0 7.4 4.7 0.2 10.2 4 88.9 
C-8 11.9 25.4 3.1 7.7 4.3 0.2 11.8 3 88.9 
C-9 8.5 21.7 2.5 8.0 3.2 0.2 17.4 2 88.9 




2.04 1.37 0.27 0.27 0.63 0.04 2.38 -- -- 
DU1 4588 433 13.4 21.9 284 6.3 135 27 50.8 
DU2 58.5 31.0 4.2 4.7 11.7 0.4 5.6 13 50.8 
Digestion 
Vessel Blank 
0.025 <.02 <.02 <.02 <0.02 <.02 <0.02 -- -- 
SRM 2711-1 1419 354 7.9 17.7 122 51.9 116 -- -- 
SRM 2711-2 1431 358 7.9 17.7 125 52.9 116 -- -- 
SRM 2711-3 1422 358 7.9 17.7 125 53.3 117 -- -- 
SRM 2587-1 3367 304 8.0 22.2 146 2.0 17.4 -- -- 
SRM 2587-2 3491 317 8.6 23.7 153 2.3 17.9 -- -- 







   
Figure 1.—Photographs showing the prototype cyclonic fugitive dust (CFD) system 
designed by the authors (Patent Pending). Left image: Red arrows show vacuum air flow 
direction, white arrows show locations of cyclone chamber for collection of >1 µm sized 
particles and filter for capture of <1 µm sized particles.  Right image shows prototype 
device placed in a pickup truck bed for trial collection of dust particles. The sampler has 
been field tested with up to 2 g/mi collected. 
 
 
Figure 2.—Scanning electron microscope image showing fugitive road dust particles 
aggregated and attached to the fibers of a standard tortuous-path dust mask (NIOSH-N95) 







Figure 3.—Boxplots showing the distribution of particle size for cyclone and filter mesh 
samples of fugitive dust collected at 50.8 cm and 88.9 cm above the road surface while 











          
Figure 4.—Scanning electron microscope images showing particles collected by the 
cyclone at 50.8 cm (left image) and 88.9 cm (right image) above road surface. There is no 




        
Figure 5.—Scanning electron microscope images showing filter collected particles 
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Fugitive dusts from 18 unsurfaced roadways in Missouri were sampled using a 
novel cyclonic fugitive dust collector that was designed to obtain suspended bulk samples 
for analysis. The samples were analyzed for trace metals, Fe and Al, particle sizes, and 
mineralogy to characterize the similarities and differences between roadways. Thirteen 
roads were located in the Viburnum Trend (VT) mining district, where there has been a 
history of contaminant metal loading of local soils; while the remaining five roads were 
located southwest of the VT district in a similar rural setting, but without any mining or 
industrial process that might contribute to trace metal enrichment. Comparison of these 
two groups shows that trace metal concentration is higher for dusts collected in the VT 
district. Lead is the dominant trace metal found in VT district dusts representing on 
average 79% of the total trace metal concentration, and was found moderately to strongly 
enriched relative to unsurfaced roads in the non-VT area. Fugitive road dust 
concentrations calculated for the VT area substantially exceed the 2008 Federal ambient 
air standard of 0.15 µg m
-3
 for Pb.  The pattern of trace metal contamination in fugitive 
dust from VT district roads is similar to trace metal concentrations patterns observed for 
soils measured more than 40 years ago indicating that Pb contamination in the region is 
persistent as a long-term soil contaminant. 
 
1. Introduction 
There are hundreds of miles of unsurfaced roads (gravel, sand, and/or native 
loam) in Missouri’s rural road maintenance program.  Many of these roads are located in 





substantial Pb contamination issues (U.S. Environmental Protection Agency, 2010a).  
Dusts created by traveling these roads may potentially become a biohazard under 
numerous scenarios including but not restricted to: inhalation and/or ingestion of dust 
particles by occupants of vehicles, dispersal of dusts into homes located adjacent to 
roadways, and dispersal of dusts into soils or playgrounds frequented by children.  The 
U.S. Environmental Protection Agency (USEPA) in collaboration with the Missouri 
Department of Natural Resources conducted a study in 2008 to determine the extent of Pb 
contamination in soils along roadways in Missouri’s Pb-producing region. Portable X-ray 
fluorescence results show Pb concentrations ranging from 20 to more than 89,000 mg kg
-
1
 in areas adjacent to and distributed throughout the Mark Twain National Forest along 
ore haul roads (U.S. Forest Service, 2010, written communication). Rucker (2001) also 
found Pb concentrations ranging from 10,550 to more than 30,000 mg kg
-1
 in forest soils 
located within 2 km of the Buick Pb recycling smelter in Iron County, Missouri. Both 
Bolter et al. (1975) and Bornstein (1989) found nearly identical results for soils collected 
in the same locations documenting a history of Pb accumulation and persistent 
contamination. Studies concerning Pb contamination in the Viburnum Trend (VT) mining 
district were conducted during the 1970s under a National Science Foundation, Research 
Applied to National Needs study; however, none of these studies focused on the 
contamination of suspended road dust. Dorn et al. (1975) investigated Pb-dust deposition 
on pasture grasses that resulted in Pb poisoning of livestock, however, their results 
focused on deposition from the smelting operations and not recurring road dust 
suspensions. Furthermore, review of the literature has found only three papers that 





in areas associated with resource extraction and metals processing (Kerin and Lin, 2010; 
Mandal et al., 2012; Brumbaugh, et al., 2011). No investigations have been identified 
where a high-volume sampler was used to collect suspended road dusts generated by a 
moving vehicle. 
The VT mining district is one of three major Pb-producing areas in Missouri’s 
mineral resource producing region. The Tristate District is located in southwest Missouri 
and was a leading lead and zinc producer in the 1800s. The Old Lead Belt is located 
about 50 km to the northeast of the present study area and began crude Pb mining as early 
as 1720. Large-scale mining began about 1900 and production declined greatly by 1962 
with the last mine closed in 1972. In 1955 a large stratabound layer of Pb and Zn was 
found west of the Old Lead Belt district at depth of nearly 300 m. This New Lead Belt 
area, the VT district, became the next primary Pb-producing area with 10 mines 
producing nearly 500 million tons of ore. (Seeger, 2008). The VT mining region currently 
produces 70% of the Nation’s Pb needs and has an active secondary Pb smelter (Buick 
Smelter) that is currently used to recycle lead-acid batteries.  
Exposure to high Pb concentrations in air-borne dust is associated with adverse 
effects on human health (Bellinger et al., 1991).  On October 15, 2008, the Federal 
government promulgated a revised National Ambient Air Quality Standard for Pb. The 
revision strengthened the 1978 standard tenfold, decreasing the allowable concentration 




(USEPA, 2010b).  This strengthening of the standard suggests 
that many air contamination pathways that were previously within the Federal regulatory 
standard should now be revisited. Unsurfaced roads in Missouri’s Pb-producing region 





has been facilitated by the large accumulation of metal particulates on soil and road 
surfaces for the more than 200 year legacy of mining and smelting. 
The purpose of the paper is to present findings of a fugitive road dust survey 
where a novel sample collection device was used to ascertain the differences in dust 
chemistry from unsurfaced roads located both in and outside the VT mining district. 
Unsurfaced Roadways sampled in the VT district were randomly selected to include a 
combination of heavily and lightly traveled roadways that surround the extraction, ore 
hauling, and ore processing and smelting activities. Unsurfaced roadways outside the 
mining region were selected as a comparison for non-mining related dust chemistry.  
These comparison road reaches represent rural agricultural activities such as manure 
hauling, livestock routing, logging, and general residential travel that includes the 
transportation of children in school buses. The scope includes a description of our 
sampling methodology, analytical procedures, and results and discussion documenting 
that metal concentrations in fugitive road dusts in the VT area exceed background levels 
from other rural areas and that these high concentrations may pose a health risk in 
relation to the Federal ambient air standard. 
 
2. Methods and Materials 
2.1  Dust sample collection 
Fugitive road dust samples were collected for this study using a cyclonic fugitive 
dust (CFD) collection system for collecting all fugitive particle sizes that become air-
borne behind a moving vehicle. The CFD sampler is designed to collect a sample that 





suspension similar to mechanism for human inhalation and ingestion. A complete 
description of the CFD construction and preliminary assessment characteristics that 
include an investigation into particle sizes preferentially collected, quantity of sample 
collected per kilometer, and chemical variability of replicate sampling can be found in 
Witt et al. (2013).  
The CFD sampler was deployed for this investigation by positioning the unit in 
the rear of a pickup truck bed so the intake reaches over the edge behind the rear tires on 
the opposite side of the exhaust pipe about 50 cm above the road surface. A hand-held 
Geospatial Positioning System unit with a track log setting is used to record the distance, 
speed, and location of sample collection. At the conclusion of the sampling event, the 
sample was transferred from the 10 L collection container to a labeled certified acid-
washed 118 mL storage container. All field notes were cross-referenced with labeled 
sample storage containers prior to placing in a clean dry cooler for transport to the 
laboratory. Between sample collection events, the entire unit was dismantled for washing 
and acid-rinsing (5% HNO3) of the cyclone, replacement of the PVC intake, and cleaning 
of the vacuum intake. 
Samples were collected from eighteen unsurfaced roads in rural southern Missouri 
(Table 1 & Fig. 1). Five of 18 samples were collected to the west of the VT district to 
represent fugitive dust sources not influenced by proximal mining and smelting activities. 
One of these five control samples was collected in replicate nine times to test the 
variability and representativeness of the CFD collection process (Witt et al., 2013). The 
remaining 13 samples were collected in the VT district from randomly selected 





were collected over several months from June to November 2011 only during periods of 
extended dry weather to optimize the quantity of sample collected. Collection distances 
varied from 5.63  to 24.8 km and in some cases a road was traveled two or more times to 
obtain the largest possible sample (Table 1). Between 6.0 and 36.6 g of dust were 
collected from each road reach and no further preparation of the sample (drying, sieving, 
and sorting) was done before analysis. Results presented here required about 3 g of 
sample to be distributed as aliquots among the various analytical techniques. The 
remaining portion of the sample was archived for any potential future study. 
 
2.2  Sample digestion and analysis 
Cyclone collected particle samples were analyzed at the Missouri University of 
Science & Technology (MS&T) Environmental Research Center for Emerging 
Contaminants (ERC) laboratory for the elements Fe, Al, Pb, Zn, Co, Ni, Cu, Cd, and As. 
For each sample and standard reference material, approximately 0.5 g of material was 
weighed accurately and added to 50 mL acid washed disposable digestion vessels and 
digested using method 200.2 (USEPA, 2003)
 
.  This extraction method uses hot 
hydrochloric and nitric acids to partially digest dry samples for the determination of trace 
element concentrations with the exclusion of acid resistant silicate bound metals. 
The trace elements Pb, Zn, Co, Ni, Cu, Cd, and As were measured with a model 
Elan DRCe ICP-MS instrument (PerkinElmer SCIEX, Norwalk, CT, USA) equipped 
with a cyclonic spray chamber, a Meinhard nebulizer, and platinum cones. Quantitation 
was performed using a standard calibration mixture and internal calibration method by 





using a Perkin Elmer Optima 2000 DV ICP-Optical Emission Spectrometer. Digestion 
extracts were appropriately diluted for all dust samples and standard reference materials 
before analysis.   
Laboratory quality control included measurement of blanks, standards, and 
duplicates. All digestion vessels, lids, watch glasses, and extract containers were soaked 
in 5% HNO3 for 24 h, rinsed with trace element grade de-ionized water and allowed to air 
dry before using. All laboratory consumables were used only once and discarded. 
National Institute of Standards and Testing standard reference materials SRM2711 and 
SRM2587 were analyzed in triplicate to assure method recovery and measure the 
variability of the analytical process. Pb had the largest variability of all trace metals 
measured with relative standard deviations for SRM2711 and SRM2587 of 0.36 and 
1.5%, respectively. 
ICP-MS calibration standards with concentrations of 0.02, 0.1, 1, 10, and 
 50 µg L
-1
 were measured in triplicate resulting in good linearity (R
2
=0.9999-1) for all 
elements.  The 1 and 10 µg L
-1
 standards were measured for every 10 samples, with 
accuracy ranging from 1 to 6.3% for all trace elements. ICP-OES accuracy 
determinations for the 1 and 10 mg L
-1
 standards were better than 5% for Al and 7% for 
Fe.  
For solid phase analyses, Scanning Electron Microscopy--Energy Dispersive 
Spectra (SEM-EDS) were acquired using a Hitachi S-4700 and Genesis EDAX system 
located at the MS&T Advanced Materials Characterization Laboratory. These analyses 
were conducted in a standardless mode. In addition, all dust samples were analyzed with 





source and a PIXcel Detector.  Data was collected over the angular range of 2 to 60 
degrees two-theta with a step size of 0.026 degrees and a counting time of 196 seconds 
per point. Peak intensities were matched against a current library of mineral spectra to 
identify potential phases.   
 
2.3  Particle size analysis 
Particle sizes were determined for each sample from five randomly selected 
images collected using the SEM. Samples were prepared by suspending small aliquots of 
dust in ethanol and pipetting drops onto SEM stubs covered in double-sided carbon 
adhesive tape. After a short period of drying, samples were sputter coated with gold-
palladium (Au-Pd) for a sputter time of 120 s to reduce charging effects. 
Imaging conditions during SEM-EDS analysis included a 15 kV accelerating 
voltage, 10.5 nA emission current, 12.3 mm working distance, and zero degree tilt. All 
images were acquired at about 1,500 times magnification. Particle size was measured 
manually using the ImageJ software (National Institute of Health, version 1.44p) by 
measuring the longest axis of all clearly visible particles (maximum Feret diameter) in 
each of 5 randomly selected sample images. A total of 85 images were used for analysis.  
 
3. Results and Discussion 
3.1  Sample representation 
Fugitive dusts analyzed for this effort were exclusively suspended, mostly non-
spherical particle sizes >1 µm. Particle shapes are highly variable ranging from grains of 





weathered irregular dolomite, and flaky chert fragments (images in supplemental data). 
Median particle diameters for these samples ranged from 4.49 to 18.9 µm. By 
comparison, the mass median diameter of particulates captured from fugitive dust 
generated by the Buick smelter varied between 7 and 11 µm for Pb; 1.5 to 2.5 µm for Cu; 
and 2 to 4 µm for Zn and Cd (Wixson et al., 1975). This suggests that the particles sizes 
collected by our cyclone sampler contain the range of particle sizes derived from smelter 
emissions in 1975.  The collection height of 50 cm above the road surface was optimal 
for particles remaining in suspension for 15 or more seconds. It has been demonstrated 
that Pb particles <10 µm can remain suspended in the atmosphere for fugitive movement 
(Van Der Hoven, 1968). 
 
3.2 Trace metal variation 
Road reaches 1, 2, 5, 6, and 18 represent road surfaces that are in rural areas 
distant from the VT district, but are still underlain by Cambrian-Ordovician carbonate 
bedrock. Road reaches 1 and 2 are located about 74 km west and reaches 5, 6, and 18 are 
about 185 km southwest of the VT district and are not located near any manufacturing or 
other industrial processes that might contribute large quantities of Pb or other trace 
metals to the environment. Dust from these road reaches have lower trace metal 
concentration with respect to VT district samples and represent background levels for 
common unsurfaced roads in rural Missouri’s non-mining areas (Fig 2). Zinc was the 
dominant trace metal for all non-VT district road reaches and ranged from 4.7 to 32.7 mg 
kg
-1
 with the largest concentration measured for reach 6. Lead ranged from 4.3 to 15.7 
mg kg
-1





below median background concentrations for more than 77,000 stream sediment and soil 
samples randomly collected throughout the United States (U.S. Geological Survey, 
2004). XRD and SEM-EDS analysis suggest that non-VT road reaches have the same 
general mineral composition as roads in the VT district with the primary mineral 
components being dolomite and quartz (Table 1). 
Road reaches sampled in the VT mining district include 3, 4, and 7-17 and are 
broken into three major categories of trace metal enrichment (Fig. 1). The 50 to 100 mg 
kg
-1
 category includes unsurfaced road reaches 8, 9, 14-16 and represent the lowest trace 
metal concentration in the mining district region. The 100 to 1,000 mg kg
-1
 category 
represents more substantial trace metal enrichment and includes reaches 3, 10, 11, 12, 13, 
and 17. Reach 4 was the outlier unsurfaced road that fell into the >1,000 mg kg
-1
 
category. In general, road reaches that were closest to the active secondary smelter had 
higher concentrations of Pb, Zn, Cu, and Cd while those more distant had lower 
concentrations.  XRD results suggest that road reaches 4, 11, 12, and 15-17 contained 
cerussite (PbCO3) as a possible mineral phase in addition to the dolomite and quartz 
phases that dominate all samples. Cerussite has been found among weathered surface 
deposits of Pb ore in the region and can also be a byproduct of the smelting process 
(Seeger, 2008; Arseneau, 1976). 
Road reach 4 represented the outlier total trace metal concentration and ranked 
highest with regard to Pb, Zn, Cu and Cd concentration. Soil samples collected along this 
road reach in earlier studies record Pb concentrations ranging from 23 to 155 mg kg
-1
, 
with concentrations on top of leaf litter ranging from 290 to 28,000 mg kg
-1
 (Wixson et 





of elevated trace metal concentration with respect to the smelter due to prevailing wind 
patterns for the area.  During the period when the smelter was the primary processing 
plant for Pb ore in the VT district (1968 to 1986) it was responsible for producing about 
100,000 short tons of Pb annually with about 100 to 200 tons of particulate matter being 
lost to the surrounding forested area (Wharton, 1969). From 1972 to 1974 the suspended 
particulate Pb around the smelter ranged from 0.73 to 6.27 µg m
-3
, and settable 
particulate Pb from 20 sampling stations ranged from 37 to 2081 mg m
-2 
(Wixson et al., 
1975). The average Pb concentration for two air monitoring stations operated from 1993 
to 2008 range from 0.35 to 2.55 µg m
-3 
with a maximum 24-hr concentration of 16.0 µg 
m
-3
 (MoDNR,  2012). This suggests that a depositional trace metal component is still 
available and is probably impacting the area near reach 4. 
Other possible sources of trace metal enrichment that can potentially affect 
fugitive road dust in the VT district are smelter slag applications to roads, spillage from 
ore hauling trucks, and road resurfacing using mine tailings. Dorn et al. (1975) notes the 
use of smelter slag as road resurfacing and de-icing material in the VT district and 
Hemphill et al. (1974) investigated spillage and mine tailings as a possible contributor to 
roadside trace metal enrichment. Our study identified chalcopyrite (CuFeS2) by XRD in 
dust from road reaches 7 and 8 suggesting ore spillage may be a possibility. Cubic galena 
(PbS) was observed by SEM-EDS in gravity separated samples for reach 4. Figure 3 
shows one such particle with possible anglesite (PbSO4) and cerussite (PbCO3) as 







3.3 Pb in fugitive road dust  
Pb represents an average of 79% of the total trace metal composition in fugitive 
dusts from VT district unsurfaced roadways. To determine the geochemically normalized 
enrichment of Pb relative to background, we calculated an enrichment factor for each VT 
district roadway using an average of the five non-VT district road reach Pb 
concentrations as background according to equation (1): 
 
EFPb = Pbsample/NB         (1)  
 
where, Pb sample is the ratio of the Pb  to Fe + Al concentrations of the fugitive dust 
sample and NB is the normalized average Pb concentration for non-mining impacted 
reaches 1,2, 5, 6, and 18. Fe and Al were used as the conservative normalizing elements 
because they are relatively unchanged in a horizontal transect of local soils and are not 
enhanced by the activity of mining, processing, and smelting in the VT district and by 
agricultural and rural pedestrian conveyance in the non-mining areas. Ghrefat and Yusuf 
(2006) used Fe as a conservative geochemical normalizing element and note that several 
authors have successfully used Fe, Al, and Si to normalize the heavy metal 
concentrations for enrichment determinations. In this study, EFPb values between 0.5 and 
2.0 represent concentrations not substantially different from background, those between 
2.0 and 10 suggest moderately enriched Pb, and EFPb values exceeding 10 are considered 
strongly enriched. Sample reaches 7-12 and 15-17 in the VT district have EFPb values 





4 were the most contaminated samples with enrichment values of 21 and of 241, 
respectively (Table 1). 
To convert sample concentrations to air concentration for comparison with the 
Federal ambient air quality standard, a Fugitive Road Dust concentration (FRD) for each 
sample was calculated according to equation (2):  
 
FRD Concentration  = Msample  x Csample/V     (2) 
 
where, Msample, is the mass of sample collected in g, Csample  is the concentration of Pb in 
µg g
-1
, and V is the volume of air processed in m
3
.  Exceedance factors in the atmosphere 
relative to the Federal ambient air standard (EFAAS) for each reach were calculated from 
the FRD concentration by dividing these concentrations by 0.15 µg m
-3
 (Table 1). All 
sampled unsurfaced roads exceeded the Federal standard with an EFAAS of more than 2. 
This primarily results from the higher concentration of Pb-laden particulate material 
suspended from unsurfaced roads relative to industrial emissions for which the Federal 
standard was developed. Non-VT unsurfaced road FRD concentrations ranged from 0.3 
to 2.13 µg m
-3
 and VT road reaches ranged from 2.07 to 919 µg m
-3
. With the exception 
of reaches 4 and 13 having high concentrations of Pb, most VT unsurfaced roads 
produced FRD concentrations in the range from 1 to 10 µg m
-3
.  
Comparison of sample concentration with mass per reach, collection distance, and 
air volume processed suggests Pb concentration in the sample is a good indicator of Pb 
concentration in the air (Fig. 4). However, variability in sampling conditions can 





the air volume collected and distances traveled as well as the dust per air volume and dust 
mass per distance have indicated that variations in average speed and in dust generation 
from road surfaces can influence the calculated air-Pb concentration. Nevertheless, this 
methodology provides a reasonable characterization of fugitive road dust chemistry.  
The EFAAS of Pb in air relative to the Federal standard is divided into three 
severity rankings. EFAAS between 1 and 15 is characteristic of Pb for unsurfaced roads 
reaches in our selected non-VT area where concentrations in the dust sample are within 
background levels, but suspension effectively increases contaminant particle 
concentration. EFAAS ranging from 16 to 100 is characteristic of most unsurfaced roads in 
the VT area; however, as seen in the case of reaches 4 and 13, there are extreme cases 
where historic use and location relative to the smelter have created conditions for severe 
enrichment of Pb in suspended dust. Even minimum exposure to fugitive dust from reach 
4 could have substantial health implications. An adult at rest inhaling about 12 L min
-1
 of 
this dust-laden air could potentially receive an inhaled Pb dose of about 0.02 mg km
-1
 
while traveling behind a vehicle on reach 4. Depending on the bioaccessibility of this 
exposure, this level could potentially increase blood-Pb concentrations of those traveling 
and/or living along such roads in the VT area or in similar environments globally. 
 
4. Conclusion 
The 234 km of unsurfaced road sampled within the VT district showed variable 
trace metal concentrations ranging from 66.7 to 5,304 mg kg
-1
. The distributions of Pb, 
Zn, Cu, and Cd are preferentially enriched along a north-south pattern from the Buick 





similar to findings of past investigators studying adjacent forest soils, suggesting that 
trace metal and in particular Pb contamination is persistent in the environment.  Moderate 
to strong enrichment of Pb is observed for all road dusts in the VT district relative to 
those outside the region. The results of this work suggest there is a potential health 
concern that deserves further investigation, and that the application of this sampling 
method to other potentially contaminated regions where unsurfaced roads predominate is 
warranted. 
Our preliminary investigation of contamination has identified galena, 
chalcopyrite, cerussite, and possibly anglesite. Future study is warranted for specific 
contaminated sites to determine potential mobility and bioaccessibility of contained 
metals. Isotopic analysis combined with mineral analysis also may be useful for 
delineating potential metal sources. An investigation into the blood-Pb levels of residents 
living along or routinely traveling these roads could link the results of Pb-dust 
concentrations to human health criteria. Given the profound health concern for Pb in the 
environment, this additional research will enhance the body of information presently 
available on environmental Pb contamination allowing regulators to prioritize regions for 
cleanup, identify applicable and cost-effective remediation technologies, and determine 
relative proportions of contaminants derived from local sources. 
 
Acknowledgements 
This effort was supported by a grant from the MS&T ERC, SEED Fund. The 





samples for SEM imaging and particle size analysis. This article is Geology and 
Geophysics contribution 47 of the MS&T. 
 
References 
Arseneau, J.G., 1976. Chemical and mineralogical characteristics of particulates in stack 
emission from two lead smelters in southeast Missouri: University of Missouri—Rolla, 
unpublished M.S. thesis, 63 p. 
 
Bellinger, D., Sloman, J., and Leviton, A., 1991. Low-level exposure and children’s 
cognitive function in the preschool years: Pediatrics 87, 219-227. 
 
Bolter, E., Butz, T.R., and Arseneau, J.F., 1975. Mobilization of heavy metals by organic 
acids in the soils of a lead mining and smelting district: Ninth Annual Conference on 
Trace Substances in Environmental Health, University of Missouri, Columbia, Missouri, 
unpublished. 
 
Bornstein, R. E., 1989. Long term geochemical effects on lead smelting within the new 
lead belt, southeast Missouri: University of Missouri Rolla, Rolla, Missouri, unpublished 








Brumbaugh, W.G., Morman, S.A., and May, T.W., 2011. Concentrations and 
bioaccessibility of metals in vegetation and dust near a mining haul road, Cape 
Krusenstern National Monument, Alaska: Environmental Monitoring and Assessment, 
182,  325-340. 
 
Dorn, R.C., Pierce, J.O., Chase, G.R., and Phillips, P.E., 1975. Environmental 
contamination by lead, cadmium, zinc, and copper in a new lead-producing area: 
Environ. Res., 9, 159-172. 
 
Ghrefat, H., and Yusuf, N., 2006. Assessing Mn, Fe, Cu, Zn, and Cd pollution in bottom 
sediments of Wadi A-Arab Dam, Jordan: Chemosphere, 65, 2114-2121. 
 
Hemphill, D.D., Marienfeld, C.J., Reddy, R.S., and Pierce, J.O., 1974. Roadside lead 
contamination in the Missouri Lead Belt. Archive of Environmental Health, 28, 190-194. 
 
Kerin, E.J. and Lin, H.K., 2010. Fugitive dust and human exposure to heavy metals 
around the Red Dog Mine: in Whitacre, D.M. (Ed.), Reviews of Environmental 
Contamination and Toxicology 206. Springer Science and Business Media LLC, New 
York,pp. 49-63. 
 
Mandal, K., Kumar, A., Tripathi, N., Singh, R.S., Chaulya, S.K., Mishra, P.K., and 
Bandyopadhyay, L.K., 2012. Characterization of different road dusts in opencast mining 





MoDNR, 2012. unpublished data accessed online August 6, 
http://dnr.mo.gov/env/esp/aqm/two-doe-run-buick.htm 
 
Rucker, B.A., 2001. An investigation of lead and other metal contaminants in soil near 
the Buick lead recycling smelter, Iron County, Missouri: Missouri University of Science 
& Technology, unpublished M.S. thesis, p. 89. 
 
Seeger, C.M., 2008. History of mining in the southeast Missouri lead District and 
description of mine processes, regulatory controls, environmental effects, and mine 
facilities in the Viburnum Trend subdistrict: in Kleeschulte, M.J., (Ed.), Hydrologic 
investigations concerning lead mining issues in southeastern Missouri: U.S. Geological 
Survey Scientific Investigations Report 2008-5140, pp. 5-31. 
 
U.S. Geological Survey, 2004. The National Geochemical Survey—database and 
documentation: U.S. Geological Survey Open-File Report 2004-1001, accessed August 1, 
2012, at URL http://tin.er.usgs.gov/geochem/. 
 
U.S. Environmental Protection Agency, 2003. Standard Operating Procedure for the 
Digestion of Aqueous and Solid Samples Using Method 200.2 Hotblock Digestion 
Technique Method 200.2, Metal Methods 025, Region 5, Chicago, IL,. 12 p. 
 
U.S. Environmental Protection Agency, 2010a. National Ambient Air Quality Standards, 





U.S. Environmental Protection Agency, 2010b. North America’s Largest Lead Producer 
to Spend $65 Million to Correct Environmental Violations at Missouri Facilities:  Release 




Van Der Hoven, I., 1968. Deposition of particles and gases: Meteorology and Atomic 
Energy, TID-24190, U.S. Atomic Energy Commission,  202 p. 
 
Wharton, H.M., 1969. “Missouri Minerals—Resources Producton and Forecasts”, 
Missouri Geological Survey and Water Resources, Rolla, Missouri, 1. 
 
Witt III, E.C., Wronkiewicz, D.J., and Shi, H., 2013. Preliminary assessment of an 
economical fugitive road dust sampler for the collection of bulk samples for geochemical 
analysis: J. Environ. Qual., 42, 21-29. 
 
Wixson, B.G., Bolter, E., Gale, N.L., Hemphill, D.D., Jennett, J.C., Koirtyohann, S.R. 
Pierce, J.O., Lowsley Jr., I.H., and Tranter, W. H., 1975. An interdisciplinary 
investigation of environmental pollution by lead and other heavy metals from industrial 
development in the new lead belt of southeastern, Missouri: Final report to the National 
Science Foundation, Research Applied to National Needs, v. I and II, 1108 p. 
  
  









Figure 1.—Map showing location of unsurfaced road reaches sampled in the VT district 
comparing total trace metal concentration.  [ County boundaries are from 2009 Census 
TIGER/Line release;  mine tailing ponds and air monitor stations are from the Missouri 
Department of Natural Resources; and State roads are from  2011 TeleAtlas. Map 








Figure 2.—Combined boxplots comparing range of trace metal results for unsurfaced 
road reaches located in and outside the VT district with median concentrations from the 













Figure 3.—Scanning electron microscope image and energy dispersive spectrum of a 







Figure 4.—Comparison of sample mass, distance sampled, and air volume processed in 
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Airborne particulate material collected from seventeen rural unsurfaced roads in 
Missouri’s agricultural and resource mining areas were characterized using the BCR 
sequential extraction technique and simulated in vitro body fluids to determine the phase 
partitioning and bioaccessibility of Pb associated with roadway dusts. Results show that 
dusts produced from driving over unsurfaced roads in the mining area has a substantial 
portion of the Pb concentration associated with the more mobile exchangeable + 
carbonate and reducible geochemical phases. By comparison, unsurfaced road dusts 
outside the resource mining area have lower metal contents, as expected, and a larger 
portion of the total Pb concentration associated with the immobile oxidizable and non-
silicate bound residual phases.  SEM/EDS analysis suggests the minerals associated with 
the more mobile Pb components include cerussite, Pb oxides and sulfates. Particle sizes 
<1 µm contain a substantially higher concentration of Pb that is associated with clay 
minerals in this fraction. Extraction tests using simulated body fluids show that gastric 
fluid can mobilize as much as 70% of the total Pb concentration in mining area road dust 
samples after five hours. Simulated alveolar lung fluid also was an efficient extractor of 
Pb from the < 1µm sample dust fraction, dissolving up to 85% of the available Pb after 
100 hours. Regression analysis suggests that aqua regia Pb concentration is a good 
predictor of mobility and bioaccessibility and can be used to minimize costs associated 









The geochemical controls on trace metal concentration are often ignored when a 
soil is being chemically characterized for regulatory purposes. This can lead to 
overestimation of contaminant problem associated with more concerning trace metals 
because the mobility and bioaccessibility can be affected by coprecipitation with other 
elements thus controlling solubility (Sposito, 1989). The soil environment is a diverse 
matrix of competing chemical activity that includes adsorption, weathering, and element 
substitution which are driven by the ambient conditions of a particular area, soil 
composition, and cultural influence. Developing a complete understanding of the 
geochemical factors influencing the behavior of a particular element in the environment 
is the most responsible way to develop a mitigation response to a perceived 
environmental contamination problem. 
Environmental regulation of Pb contamination is often limited to the association 
of its total concentration relative to a nearby polluting activity. While this may be helpful 
in showing Pb enrichment resulting from the influence of a particular source, it does not 
build a complete case for mobility or human health concern(s). Total environmental Pb 
concentrations result from a combination of Pb-species in the sample and are 
operationally associated with different geochemical-mineral fractions. Metallic Pb and 
Pb-sulfide have been shown to be relatively immobile in soil and do not readily dissolve 
on or in the human body (Ruby, 1992). However, the dissolution kinetics of other Pb-
species such as oxides, sulfates, and carbonates commonly found in soils from resource 
mining and smelting areas make this element more problematic in the environment 





can be helpful in defining the mobility of a trace element and used in combination with 
other analytical techniques such as microscopy can provide useful information on the 
geochemical phases with which Pb is associated in the environment (Spear et al., 1998). 
In vitro extraction using simulated body fluids can take this analysis a step further and 
provide the additional information necessary to characterize the human health concern 
with fewer assumptions related to the sequential extraction technique. These techniques 
have been widely applied to various environmental contamination scenarios; however, 
they have not been used to characterize the phase partitioning and bioaccessibility of Pb 
in suspended dust from rural unsurfaced roads. 
Unsurfaced roads are numerous in rural Missouri’s diverse landscape that 
supports a range of land use activity from agricultural to mineral resource extraction and 
Pb-Zn smelting. These roads serve as important thoroughfares for local residents, 
recreation, and the transport of agricultural products as well as mining ores and 
concentrate.  Suspended dusts generated by vehicular traffic on these road surfaces can be 
a problematic aerosol contaminant if these dusts are associated with large Pb 
concentrations. And consequently those regularly traveling or living along such roads can 
receive routine exposure possibly elevating their blood-Pb levels. Murgueytio et al. 
(1998) showed that those exposed to elevated Pb concentrations in dust and soil from a 
Missouri mining area had nearly twice the blood-Pb level as those in the non-mining 
control group. Recent research has shown elevated Pb concentrations in suspended dust 
from rural unsurfaced roads in Missouri’s southeastern mining region relative to non-
mining areas (Witt et al., 2013a). The problem with this initial assessment is the lack of 





total concentration. A complete characterization of the total Pb concentration can help 
regulatory agencies make better decisions regarding mitigation by allowing them to 
prioritize and/or eliminate the need for costly cleanup. Furthermore, this will provide the 
public with information regarding their exposure to environmental Pb in what the U.S. 
Clean Air Act generally characterizes as ‘nuisance dust’. 
The purpose of this study is to define the phase partitioning of Pb in suspended 
road dust by applying an established sequential extraction procedure, performing in vitro 
dissolution analyses using simulated body fluids, and confirming results using scanning 
electron microscopy and energy dispersive spectroscopy (SEM/EDS). The research goals 
include 1) a comparison of Pb partitioning in suspended dusts between rural unsurfaced 
roads in mining and non-mining areas; 2) the identification of Pb-bearing minerals that 
may contribute to the more mobile phases; 3) the relationship of particle size to Pb 
mobility and bioaccessibility; 4) to determine the proportion of the total Pb concentration 
that is bioaccessible using in vitro dissolution analyses; and 5) relating results to build a 
case that total Pb concentration can be used as a predictor of potential human-health 
concern for those traveling on and living near contaminated unsurfaced roadways in 
Missouri when complete characterization is first performed on a subset of roadways. 
 
2. Methods and Materials 
2.1 Study Area and Sample Collection 
Suspended dust samples were collected from the Viburnum Trend (VT) mining 
district and in non-mining areas more than100 km southwest in rural Missouri 





producing areas of southeast Missouri and is characteristic of the more than 200 
Mississippi Valley type ore deposits that are being exploited around the world (Leach, et 
al., 2010). The district is underlain by dolostones of Cambrian and Ordovician age that 
lies within a large region of well-developed karst terrain characterized by the presence of 
well-developed springs, sinkholes, and gaining and losing streams. The VT mined 
resource was discovered in 1955 with total ore production from individual mines ranging 
from 20 to more than 50 million tons, and ore contains as much as 8 percent Pb and about 
3 percent Zn (Seeger, 2008). Several of the VT mines are still active today. Two primary 
ore smelters in the region have operated intermittently in the past, one currently is 
operated as a secondary Pb recovery facility used to recycle automotive batteries and 
other Pb-containing waste. 
Samples for this study were collected using a Cyclonic Fugitive Dust (CFD) 
sampler designed to collect and separate two dust-size fractions directly from the 
atmosphere as dust is suspended by a moving vehicle for a specific reach length of road 
surface (Witt et al., 2013b). This method of collection provides a more representative 
sample of fugitive dust for the determination of Pb exposure. Furthermore, this collection 
method provides data on air volume per road distance sampled that more traditional bulk 
sampling methods do not offer. Two general particle size fractions were evaluated during 
this study, the >1 µm fraction that was collected in the cyclone collection container of the 
CFD and the <1 µm fraction that was retained on the polypropylene (PP) filter that was 
mounted in the air stream of the sampler and following the cyclonic separator (Table 1).  
Thirteen unsurfaced county and U.S. Forest Service maintained roads in the VT 





roads are enriched in Pb relative to selected road outside the mining area (Witt et al., 
2013a). The sampling distances for VT roads ranged from 10.9 to 24.8 km with sample 
sizes ranging from 6.73 to 36.6 g. Four additional samples were collected outside the 
study area to use as background comparisons.  Sampling distance for non-VT county 
roads ranged from 18.7 to 24.8 km with sample quantity ranging from 11.5 to 22.5g.  
 
2.2 Sample Preparation 
Minimal preparation of the >1 µm cyclone collected sample was done prior to 
sequential extraction analysis. Approximately 1 g of each sample was accurately weighed 
and added to 50 mL polypropylene (PP) digestion tubes. These samples were not 
separated, sorted, or dried from the original collection volume and represent the full 
range of particle sizes captured by the cyclone collection container. 
The <1 µm dusts fractions collected on the PP filters required extensive 
preparation before digestion. Each filter was place in a 500 mL Nalgene 
polymethylpentene (PMP) container that had been acid washed at 90ºF for 24 h and 
rinsed with analytical grade water prior to use. Each PMP container was tested for 
residual acidity prior to use. Approximately 100 mL of analytical grade water was rinsed 
through each filter and the PMP container was capped and placed on a shaker for about 
20 minutes. Following the agitation step the PP filter was lightly rinsed and discarded. A 
small aliquot of particulate material from each sample was removed using a sterile 
transfer pipet and placed on an aluminum SEM stub prepared with a carbon sticky dot 
and allowed to dry. The remaining residue was poured into 50 mL PP digestion tubes, 





was split into two separate aliquots to accommodate sequential and simulated body fluid 
extraction experiments. 
 
2.3 Sequential Extraction 
Aliquots of each sample where digested using the sequential extraction procedure 
developed and tested by the Standards, Measurements, and Testing Programme of the 
European Union (BCR) to operationally determine the phase relationship of Pb in road 
dust. The BCR sequential extraction method is well documented and has been tested for 
sequential analysis of sediments (Rauret et al., 2001; Quevauviller et al., 1993; Fernández 
et al., 2004). The BCR method yields four extracts that represent the A) exchangeable 
and acid soluble carbonate fraction (E+C), B) reduced iron and manganese oxide fraction 
(reducible; this fraction also includes hydroxides and mixed oxy-hydroxide phases), C) 
organic substance and sulfide fraction (oxidizable), and D) the residual. The BCR method 
used for this investigation was the improved procedure by Rauret et al. (1999) with 
further modification of lab consumables to operationalize the extraction procedure (SI, 
Exhibit 1). The BCR-701 and NIST Montana II soil standard reference materials (SRM) 
were extracted coincident with the environmental samples for use in method validation 
and quality control.  
The <1 µm samples were digested using only the exchangeable + carbonate 
(E+C) and residual procedures from the BCR schema. The amount of material removed 
from the filters was generally less than 0.1 g and this was further split to provide sample 
for the bioaccessibility dissolution analysis. The investigation team decided a complete 





2.4 In vitro Bioaccessibility Extraction 
Extraction tests using simulated human body fluids were used to determine the 
concentration of Pb that would dissolve from collected road dust and subsequently 
become bioaccessible. Two modes of exposure were tested—ingestion and inhalation. 
Ingestion bioaccessibility was modeled using a fasted-state simulated gastric fluids 
(FSSGF) to digest approximately 1.0 g of the  >1 µm sample fraction according to the 
procedure of Vertzoni et al.(2005) (SI, Table1). Inhalation bioaccessiblity was simulated 
using an artificial lysosomal fluid (ALF) on the <1 µm sample fraction. The ALF has 
been used to evaluate human exposure to particulates from environmental emissions and 
represents fluid with which inhaled particles would come into contact after phagocytosis 
by alveolar and interstitial macrophages in the lung (Marques et al., 2011).  
The FSSGF solution was prepared in clean 1-L PP containers by adding the 
chemical contents into 500 mL of analytical grade water. The volume was brought to 900 
mL and the pH was adjusted with concentrated trace metal grade HCl to about 1.50. The 
final volume was then completed at 1-L. Two 1-L containers were prepared and mixed 
appropriately to achieve reagent homogeneity. To each digestion vessel, 40 mL of 
FSSGF reagent was added and the vials were capped and placed in a hotblock at 37ºC for 
5 h. Sample extracts were completed by a final vigorous manual shaking, centrifugation 
at 3000 rpms, decanting to a clean vessel, and filtering with a 0.45 µm membrane filter. 
The ALF solution was prepared in a 1-L PP container that had been acid washed 
and rinsed for 24 h to ensure no residual acidity remained on the walls of the mixing 
container. The final pH of the ALF solution for this analysis measured 3.66 which is 





mL of ALF was added to each digestion tube, vigorously shaken for 20 minutes, and 
placed (capped) in a hotblock at 37ºC for 100 h. The volume of ALF used was adapted 
from plural lavage measurements of the cellular content of normal pleural fluid in 
humans (Noppen et al., 2000). The sample extracts were completed by re-suspending the 
sediments by vigorous shaking, centrifuging at 3000 rpms for 20 min, decanting to clean 
digestion vessels, and filtering with a 0.45µm membrane filter. Ten milliliters of this 
extract was transferred to a clean digestion vessel and hotblock method 200.2 was 
performed to remove organics (USEPA, 2003). All extracts were stored at 4ºC until 
analysis. 
 
2.5 Laboratory Analysis 
Lead was measured from each sequential extract by inductively coupled plasma-
mass spectrometry (ICP-MS) method with a model Elan DRCe instrument (PerkinElmer 
SCIEX, Norwalk, CT, USA) equipped with a cyclonic spray chamber, a Meinhard 
nebulizer and platinum cones. The samples were delivered at 1 mL/min by a peristaltic 
pump. Quantitation was performed using an internal standard mixture that was added 
continuously online. Digestion extracts were appropriately diluted for all dust samples 
and SRMs before analysis. 
Laboratory quality control included measurement of blanks, standards, duplicates, 
and spikes. The 1 and 10 µg L
-1
 standard solutions were measured for every 10 samples 
for instrument performance check during the sample analysis. All digestion vessels, lids, 
watch glasses, and extract containers were soaked in 5% HNO3 for 24 h, rinsed with trace 





consumables were used only once and discarded.  Standard reference materials were 
analyzed in triplicate to assure method recovery and measure the variability of the 
analytical process. Method validation was performed using the sequential extracts of the 
BCR 701 SRM. Pb recovery was within the 95% CI for the reference criteria (Rauret et 
al., 2001). Comparison between the sum of the individual extracts and the total aqua regia 
extract did not exceed a RPD of 4.5% (SI, Table 2). 
 
2.6 Particle Imaging and Analysis 
Particle size analysis and energy dispersive spectra were acquires using a Hitachi 
S4700 scanning electron microscope located at the Missouri University of Science and 
Technology (MS&T), Advance Materials Characterization Laboratory. Dust material 
from sample 4 was gravity separated using sodium metatungstate (S.G. 3.10 g cm
-3
) as 
the settling medium to separate higher density sulfides and oxides from the lesser dense 
bulk mineral components of the sample matrix (Krukowski, 1988). The high-density 
particles were attached to a sample stub using double stick carbon tape and sputter coated 
for 120s with a Au-Pd target. Bulk-representative aliquots of particles were pipetted onto 
sample stubs, allowed to dry, sputter coated at 120s with a Au-Pd target, and used for 
particle size analysis. Particle size was determined from five images of each sample using 
ImageJ software (National Institute of Health). Energy dispersive spectra were acquired 
on both the gravity separated and the finer filtered particles. Instrument conditions 
include accelerating voltage ranging from 15 to 20keV, 10.5 amp beam current, and a 






3. Results and Discussion 
3.1 Phase Partitioning 
The results of the BCR sequential extraction analysis demonstrates that dusts 
from unsurfaced roads located in the mining area partition Pb differently than those in the 
non-mining control areas. Mining area road dust had both higher Pb contents and a higher 
proportion of Pb associated with the more mobile E+C and reducible phases (Figs. 1 and 
2). Conversely, unsurfaced road dust from the four control area samples (samples 1, 2, 5, 
and 6) trended towards the relatively more immobile oxidizable and residual phases.  
Lead concentration in dust from the mining area ranged from 5 and 42 % in the 
most mobile E+C phase as compared to <6% from non-mining area roads. The Pb 
minerals most associated with this phase in the mining area include cerussite (PbCO3), 
litharge (PbO), anglesite (PbSO4), and possibly amorphous Pb oxides that are loosely 
adsorbed to the clay fraction of the sample matrix, or exposed on the surface of 
weathered galena particles. Pb oxides and PbSO4 are well known emission byproducts of 
the Pb smelting process and it is likely these have been emitted to the environment by the 
local smelter (Ohmsen, 2001). Also, gravity separated aliquots of sample show 
weathering of galena that may be a possible source of both cerussite and anglesite (Witt 
et al., 2013a).  Further analysis by SEM/EDS shows tabular cerussite crystals in 
association with dolomite in the >1 µm fraction, and nanometer size cerussite crystals 
showing a characteristic dipyramidal structure attached to a clay particle in the <1 µm 
size fraction (Fig. 3). Given the dissolution kinetics of cerussite in acids, it may be 
responsible for some of the Pb
2+
 observed in the E+C extraction.  Litharge also may be 





mineral through SEM/EDS analysis of the sample matrix proved challenging. It was 
noted through inspection of the <1 µm fraction that numerous clay particles contained 2 
to 3 weight percent Pb oxides at the 50 to 100 nm size range. No clear images could be 
obtained to validate mineral crystallography and EDS had very weak Pb peaks; therefore, 
we assume Pb is sorbed onto clays. 
To ensure that galena was not a significant part of the Pb concentration associated 
with the E+C phase, unaltered galena crystals were ground into the particle size range of 
both particle size fractions representing our samples. This galena dust was digested using 
the E+C extraction procedure as both a sample spike and by itself, then measured by ICP-
MS using the same process for our road dust samples. Results indicate a 1.78 % recovery 
of Pb from the > 1µm size fraction when a 1 g aliquot of dust sample was added to the 
mix, and 2.1% when galena only was extracted. The percent recovery increased slightly 
when the <1 µm particle size fraction was extracted—in this case 2.35% recovery was 
observed. While galena does not contribute substantially to the most mobile component 
of mining area road dusts, Pb-sulfides cannot be excluded as a portion of the Pb 
concentrations in the BCR E+C phase extraction. 
The reducible extraction contained the most substantial portion of the total Pb 
concentration for all mining area road dust samples and ranged from 22 to 70%.  These 
results are consistent with other studies of contaminated soils where the largest 
concentration of Pb is found associated with the reducible phase (Singh, 2011; Abollino 
et al., 2006; Chrastny et al., 2012). By comparison, only about 30% of the total Pb 
concentration was associated with this phase in the non-mining road dusts. Redistribution 





Mn oxides in a sample matrix (Filgueiras et al., 2002; Gilmore, 2001).  Chemical and 
optical microscopy analysis shows that Fe is nearly 50 times more concentrated than Mn 
in our samples suggesting that Fe oxides are the major controlling phase for Pb 
adsorption. Fe is visibly present in large quantities as oxide coatings on silica grains. The 
least mobile phase of the dust matrix include the oxidizable organics and sulfides, and 
ranged from 12 to 47% and 30 to 34% of the total Pb concentration for VT and non-
mining road dusts, respectively. Generally, mining area road dusts had a smaller 
proportion of Pb associated with this phase--reach 4 contained the highest concentration 
of Pb (4,820 mg/kg) with 12% of this concentration associated with the oxidizable phase 
(Fig. 2). Unsurfaced roads are routinely disturbed by frequent scraping; quarry stone 
additions; vehicle redistribution of materials through tire friction; and erosion during 
rainfall-runoff events.  Given this, there is not a substantial organic-rich layer on these 
roads that can decompose or support microbial metabolism and/or polymerization of 
residual organic compounds. Therefore, organics are not an influencing factor for 
immobilization of Pb in road dust. However, galena (PbS) is represented in this 
extraction as well as any other sulfide minerals that may have been deposited on the road 
surface from ore concentrate hauling. Galena has been identified in road dust of the VT 
district and in the forest soils near the active smelter and is the likely primary source of 
Pb in the oxidizable extraction (Witt et al., 2013a; Rucker, 2001). 
Lead associated with the immobile residual phase ranged from 3 (sample 4) to 
27% (sample 15) of the total concentration in VT road dusts. By comparison, non-mining 
road dusts had a much larger proportion of Pb associated with this phase and ranged from 





3.2 Particle Size 
Particle size was considered in this study because of the potential for the finer 
particles to remain suspended for longer times and for being potentially harmful to 
human health.  Unsurfaced road dust particle size for the >1 µm fraction ranged from an 
average of 4.61 to 18.3 µm, and for the <1 µm fraction from 0.59 to 0.89 µm (Table 1). 
Particle sizes < 1 µm have a lung penetration efficiency of >90% (Wilson et al., 1980), 
and the typical lifetime of atmospheric particles in the lower troposphere for particulate 
diameters ranging from 0.5 to 1 µm is about 8 days (Jaenicke, 1993). From a human 
health perspective, particles deposited on the alveolar epithelium of the lungs will be 
phagocytized within hours (Brain, 1985). Also, it has been demonstrated that intracellular 
particle dissolution rates of cultures of alveolar macrophages in humans ranges from 0.29 
to 0.44% d
-1
 for particles sizes of 0.7 and 0.8 µm, respectively (Kreyling, 1992).  
Our results show a substantial Pb concentration difference between the two 
sample size fractions (Fig. 4). The <1µm fraction contained much larger concentrations 
than the coarser cyclone collected fraction. Comparison of the E+C phase for both groups 
indicates that as much as 80% of the total concentration was associated with the more 
mobile phase. Overall the <1 µm samples had a 32% larger concentration of Pb in the 
E+C phase. There was minimal difference between the two sampling areas, mining and 
non-mining area roads showed the same increase in Pb concentration in the E+C phase as 
well as a larger overall concentration. SEM analysis shows a large portion of the <1 µm 
sample fractions to be Al-Si clay particles in various states of cohesion. These clay 
particles are probably acting as weak adsorption sites for Pb species. Pb has a smaller 





be tenuous facilitating rapid released as pH of the dust solution is decreased.  Also, the 
large difference in Pb concentration between the cyclone samples and the filter samples 
may be a difference in matrix of sample extracted.  The <1 µm sample fraction was 
mostly composed of small clay particles showing individual and stacked hexagonal plates 
in the SEM imagery. By comparison, the >1 µm fraction contained more of the Fe oxide 
component in the sample matrix and had <1% of the total mixture with particles smaller 
than 1 µm in size. 
 
3.3 Bioaccessibility 
The sequential extraction methodology was design to provide an operational 
assessment of the bioaccessibility in addition to the geochemical phase of the metals 
associated with a sample. However, the method is not specific to the mechanism 
(ingestion /inhalation) associated with the uptake of metal contaminants. Results of the 
FSSGF extraction in comparison to the individual BCR extractions show that simulated 
gastric fluid will extract a portion of the metal content that is associated with the Fe+Mn 
oxide phase (Fig. 2). This is especially problematic with mining area samples that have 
high concentrations associated with the E+C and reducible phases. For example, nearly 
70% and 68% of the total concentration is potentially bioaccessible through ingestion 
from road dust samples 4 and 13, respectively. These two samples had the largest total 
concentration of Pb in dust with reported exceedence from the Federal ambient air 
standard of 6,131 and 204 times, respectively (Witt et al., 2103a).  
Non-VT road dust had a much lower Pb concentration associated with the FSSGF 





from road reach 2 with a concentration of 1.66 mg kg
-1
. This result is consistent with the 
BCR extraction results and suggests that ingested bioaccessible quantities of Pb from 
road dust outside of the mining district is not a human health concern. 
Figure 4 shows the results of ALF extractions in comparison to the BCR 
procedure for the E+C extraction. Generally the ALF extraction results show a consistent 
pattern with the E+C extraction results; however, the ALF concentrations are slightly 
higher for all samples except number 4 (Table 1). Both extractions were performed on 
approximately the same quantity of <1 µm sample fraction. These results show that the 
BCR extraction procedure slightly under represents bioaccessibility via lung fluid of the 
Pb associated with the fine particles of a dust sample. Nevertheless, the concentration of 
Pb available through this mechanism is substantial enough to impact human health if 
exposure is routine. Those regularly traveling and living along these roads could have 
high blood-Pb levels that are associated with this bioaccessible mechanism. Furthermore, 
given the settling dynamics of <1 µm particulates, those living within the region but not 
necessarily adjacent to an unsurfaced road may be exposed to Pb at aerosol 
concentrations exceeding the Federal ambient air standard. 
 
3.4 Surrogate Determination of Pb Mobility and Bioaccessibility 
The authors acknowledge that a complete sequential extraction and body fluid 
analysis of dust from all roads in an affected area is impractical and prohibitively 
expensive for routine regulatory monitoring. Therefore, a statistical comparison was 
made between the more easily acquired chemical analyses with sequential and body fluid 





area using a surrogate process. Regression analysis shows that aqua regia concentration 
of dust can explain 94%, 82%, and 80% of the variability in the E+C, ALF, and FSSGF 
results, respectively (Fig. 5). The percent standard errors for the E+C, ALF, and FSSGF 
models are 12.9%, 17.7%, and 39.9%, respectively suggesting reasonable confidence in 
using the model to predict both the most mobile Pb phase and the concentration likely to 
be accessible by interstitial fluids in the lung. The gastric fluid dissolution model had the 
highest standard error; therefore, it may be more appropriate to perform this analysis 
independently if information regarding ingested concentrations of Pb is needed for health 
and welfare assessment. Application of this modeling concept to other regions of the 
world where road surface contamination exist will require a similar overall 
characterization to arrive at a more representative surrogate process for the area of 
interest. 
Calculating an aerosol concentration of Pb from the modeled concentration allows 
for comparison of the more environmentally mobile and bioaccessible proportions of the 
total concentration with the Federal ambient air standard for Pb of 0.15 µg m
-3
. The 
process for separating the three model components into aerosol concentrations are 
described by equations 1, the aerosol concentration for the more mobile phase (E+Caero); 
2, the aerosol concentration for ALF (ALFaero); and 3, the aerosol concentration for 
gastric fluid (FSSGFaero). 
E+Caero= Msample x Cm x CPb1 / Vair      (1) 
ALFaero=Msample x Cm x CPb2 / Vair      (2) 





Where Msample is total mass of sample collected by the CFD; CPb1, CPb2, and CPb3 are the 
predicted Pb concentrations of the sample using the regression models in Figure 5A for 
E+C, ALF, and FSSGF, respectively; Cm is the constant that defines the percentage of the 
total sample mass associated with a size fraction of <1µm (0.005 for this analysis); and 
Vair is the quantity of air processed by the CFD sampler.  
Using the above equations to reevaluate the aqua regia concentrations in terms of 
the Federal standard, road reaches exceeding the standard included 4 and 13 for the more 
mobile <1µm E+C phase; 4, 13, and 17 for the <1µm ALF; and all but one for the >1µm 
gastric fluid extraction (Table 2). Comparison of the FSSGFaero with previously published 
FRD concentrations (Witt et al. 2013a) shows a 50 to 79% reduction in bioaccessible Pb 
concentration for non-mining control road reaches, and a 33 to 55% reduction in Pb 
concentration for the mining area road reaches. While only one mining area road had a 
concentration below the Federal standard, if all three components of the analysis are 
considered, Pb mitigation may only be required for 3 of 13 unsurfaced roads. This 
substantially reduces mitigation cost and provides the public with confidence in the 
regulatory decision process. 
 
4. Conclusion 
This research successfully demonstrates that 1) unsurfaced road dust from mining 
and non-mining areas partition Pb differently with a larger proportion of the total Pb 
concentration associated with the more mobile geochemical phase in dust from mining 
area roads; 2) the Pb-bearing mineral and phases that contribute to the mobile Pb 





particle sizes were associated with the largest Pb concentration which may be a fugitive 
contamination concern; 4) simulated gastric fluid can extract up to 70% of the total Pb 
concentration from >1 µm dust fraction and simulated lung fluid can extract up to 85% of 
the Pb associated with the <1 µm dust fraction; and 5) after phase partitioning and 
bioaccessiblity results are determined for a subset of samples in a contaminated area, 
aqua regia Pb concentration can be used to predict the concentration of the mobile-
bioaccessible ingestion and inhalation components of the total concentration. 
Going forward it is recommended that the surrogate sampling approach presented 
herein be implemented for other unsurfaced roads in the southeast Missouri mining 
region to better understand the human health implications of traveling and living along 
such roads. Certainly this work demonstrates a characterization and surrogate sampling 
methodology that could be applied to other similarly affected regions of the world. 
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1 N 37° 52.06’, W 091° 46.74’ Non-mining 18.3 (6.57) 0.19 0.88 4.19 0.76 (0.46) 2.93 1.86 18.5 
2 N 37° 57.26’, W 092° 0254’ Non-mining 14.8 (4.67) 0.17 1.66 6.53 0.72 (0.36) 2.43 23.3 29.0 
3 N 37° 38.89’, W 091° 05.74’ 3-12 km E 12.5 (5.42) 2.99 28.3 46.5 0.66 (0.30) 58.7 91.8 172 
4 N 37° 38.81’, W 091° 09.10’ 3-11 km NW 8.75 (3.39) 2050 3360 4040 0.78 (0.26) 22190 17140 27990 
5 N 36° 62.05’, W 092° 26.94’ Non-mining 6.93 (2.56) 0.42 4.43 16.9 0.71 (0.36) 8.43 83 38.0 
6 N 36° 39.38’, W 092° 14.48’ Non-mining 5.02 (2.26) 0.79 1.04 14.2 0.59 (0.27) 14.3 32 128 
7 N 37° 36.30’, W 091° 10.07’ 5 km S-SW 7.59 (4.20) 15.4 15.3 93.9 0.72 (0.33) 253 3030 404 
8 N 37° 34.54’, W 091° 10.11’ 10 km SW 5.50 (3.84) 1.63 9.38 28.4 0.79 (0.33) 49.3 90 98.4 
















Table 1.—Results of particle size and chemical analysis for suspended unsurfaced road dusts in Missouri, USA (Cont.) 
10 N 37° 33.99’, W 091° 03.41’ 10-15 km E 6.79 (2.73) 2.65 15.3 43.4 0.74 (0.34) 63.4 129 141 
11 N 37° 32.20’, W 091° 03.87’ 6-12 km S-SE 5.94 (2.38) 5.89 32.3 56.3 0.87 (0.38) 158 421 283 
12 N 37° 40.21’, W 091° 04.23’ 7 km NE 5.58 (3.23) 11.8 59.1 92.8 0.89 (0.48) 203 403 391 
13 N 37° 40.28’, W 091° 04.05’ 10 km NE 5.18 (1.90) 85.1 216 278 0.74 (0.35) 218 350 399 
14 N 37° 44.52’, W 091° 07.02’ 15 km NW 5.11 (4.67) 3.75 21 37.5 0.70 (0.41) 26.1 67.7 98.7 
15 N 37° 48.31’, W 091° 08.46’ 20 km NW 4.61 (2.12) 1.90 15.4 36.7 0.63 (0.25) 19.8 55.7 96.3 
16 N 37° 48.55’, W 091° 06.42’ 20 km N 4.85 (2.03) 2.41 18.6 39.2 0.83 (0.35) 30.4 79.8 121 
17 N 37° 42.05’, W 091° 08.05’ 7 km N-NW 5.53 (2.77) 8.32 34.7 66.2 0.77 (0.32) 102 200 245 
E+C, Exchangeable + Carbonates; FSSGF, Fasted-State Simulated Gastric Fluid; Aqua Regia, total non-silicate bound acid digestion; 

















Table 2.—Aerosol Pb concentrations computed from the >1µm size fraction aqua regia for mobile and bioaccessible components of 
fugitive road dust from rural Missouri  

















1 Agricultural, non-mining 4.19 0.45 2.23 8.22 1.6 0.001 0.003 0.12 
2 Agricultural, non-mining 6.53 0.39 4.02 13.8 2.61 0.001 0.004 0.16 
3 Forested, mining 46.5 8.70 54.7 139 22.6 0.047 0.120 3.90 
4 Forested, mining 4040 919 20740 26370 3070 20.8 26.5 617 
5 Forested, non-mining 16.9 2.13 14.2 42.3 7.43 0.010 0.029 1.01 
6 Forested, non-mining 14.2 0.83 11.3 34.5 6.13 0.004 0.012 0.42 
7 Agricultural, mining 93.9 3.77 139 317 49.0 0.031 0.070 2.17 
8 Agricultural, mining 28.4 2.07 28.4 77 13.2 0.011 0.031 1.03 
9 Forested, mining 38.0 5.04 41.8 110 18.1 0.029 0.076 2.50 
10 Forested, mining 43.4 3.83 49.9 128 21.0 0.021 0.053 1.74 
11 Forested, mining 56.3 4.11 70.6 174 27.9 0.025 0.061 1.96 
12 Forested, mining 92.8 8.08 137 313 48.4 0.060 0.136 4.20 
13 Agricultural, mining 278 30.7 590 1140 162 0.273 0.525 14.9 
14 Agricultural, mining 37.5 7.35 41.1 108 17.9 0.038 0.101 3.33 
15 Agricultural, mining 36.7 5.63 39.9 105 17.4 0.029 0.077 2.57 
16 Agricultural, mining 39.7 4.57 43.6 114 18.7 0.024 0.062 2.04 
17 Forested, mining 66.2 10.9 87.5 210 33.4 0.078 0.187 5.92 
1, data from Witt et al., 2013a; CPb1, predicted E+C concentration; CPb2, predicted artificial lung fluid concentration; CPb3, predicted 
gastric fluid concentration;  E+Caero, aerosol Pb concentration for the exchangeable plus carbonate phase; ALFaero, aerosol Pb 






Figure 1.—Trilinear diagram comparing phase partitioning of >1 µm suspended dust 
from unsurfaced roads in mining   (    ) and non-mining areas (   ) of Missouri. Open 



















Figure 2.—Results of the BCR sequential extraction showing the phase components of 
the total Pb concentration in relation to the fasted-state simulated gastric fluid (FSSGF) 


















Figure 3.—SEM image showing tabular cerussite crystals associated with dolomite from 
the >1 µm fraction (A) and dipyramidal cerussite crystals attached to a clay particle in the 











Figure 4.—Comparison of percent Pb in the E+C phase relative to the total concentration 
extracted from the >1 µm (A) and < 1 µm (B) fractions. Line graphs depict concentrations 
in mg kg
-1






Figure 5.—Relation of aqua regia (A) and the combined E+C and reducible (B) Pb 
















IV. Using lead isotopes to determine lead source apportionment in fugitive dust from 
unsurfaced roads in the southeast Missouri Mining District 
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The isotopic composition of Pb in fugitive dust suspended by a vehicle from 17 
unsurfaced roads in Missouri was measured to identify the source of Pb within non-








Pb resulted in 
fugitive dust samples plotting on the mixing line of previously published data for 
Viburnum Trend ores, smelter emission deposition, lake sediments transported an 
deposited into a pre-mining impacted basin, and previously reported US aerosols. End-




Pb for the smelter, 
natural bedrock soils, and US aerosols.  Isotope ratios varied minimally within the 
operational phases of sequential extraction suggesting that mixing of all three Pb-types 
occurs throughout. The use of a two component mixing model showed non-mining roads 
apportion as much as 81% of Pb from the US aerosol end-member, and mining area roads 
63% from the smelter end-member. Natural bedrock soils account for 19% and 22% of 
the Pb in non-mining and mining road dusts, respectively. Labile forms of Pb were 
attributed to all three end-members in both sampling groups. Mining road dusts had as 
much as 85% of the total concentration in labile forms with 31 to 44% apportioned to the 
smelter, 14 to 30% apportioned to natural bedrock soils, and 22 to 25% apportioned to 
US aerosols. The isotopic compositions of the mining area unsurfaced road dusts are 
substantially different among road reaches and preclude the ability to develop predictive 









There are many miles of unsurfaced roads in rural Missouri mining districts that 
are responsible for generating large quantities of fugitive dust due to travel from vehicle 
traffic. The concentration of Pb in these dust are substantially higher than those for non-
mining areas and have the potential for being a human health concern, especially in 
young children (Murgueytio et al., 1998;Witt et al, 2013a and b). The proximity of these 
contaminated dusts to mining, ore processing, and smelting operations suggests that the 
culprit is exclusively the supporting industry of the region. However, Pb in geologic 
material has been shown, through the use of isotopic ratios, to be a combination of 
several sources including natural background derived from the parent rock, the historic 
use of leaded-gasoline, ore spillage and wind-blown mine tailings, smelter emissions, and 
regional aerosols that includes a mixture of Pb from many sources (eg. coal burning and 
smelting emissions, residual leaded-gasoline, incineration, cement processing, metal 
plating, etc.) (Sakata et al., 2000; Komárek, et al., 2008). Isotopic ratios can be a useful 
tool in supporting mitigation strategies for clean-up of mining area fugitive road dust 
because they can be used to characterize the anthropogenic sources and support 
apportionment among established end-members. 
The rationale for using isotope ratios to define the source of Pb in the 
environment is borne out of the fact that the isotopic composition of Pb reflects both the 
age of the source and its geological history.  Additionally, Pb isotopes do not 
significantly fractionate during natural or anthropogenic processes, thus their 






A review of the literature demonstrates the utility of isotope ratio analysis for 
defining Pb contamination. Rabinowitz (2005) characterized Pb in soils near five historic 




 Pb ratio, while in a 













Pb to determine the potential mobility from 
different Pb-Zn ore concentrates. Numerous studies (Watmough et al., 1999; Bindler et 
al., 2004; Saint-Laurent et al., 2010; and Novak et al., 2010) have used Pb isotopic ratios 
to monitor secular environmental changes in trees by measuring the Pb uptake in tree 








 Pb ratios to identify 
pathways for Pb uptake in vegetables grown near a Pb mining and smelting operation. 
Kylander et al. (2010) reviewed isotopic ratio data from numerous investigators to test 





Pb and the radioactive 
210
Pb isotope to determine that 40 percent of 
the anthropogenic Pb inventory in rural upland northeast Scotland peat was deposited 
prior to 1900. Dawson et al., (2010) investigated the mobilization of Pb from upland 




Pb ratio. Furthermore, Bacon et al., (2006) 
used sequential extraction in combination with isotopic analysis to assess mobilization of 
Pb into streams from an upland catchment in NE Scotland. Lastly, Komárek et al. (2008) 
provide an excellent overview of the use of Pb isotopes in environmental science. 
Lead associated with fugitive road dust in southeast Missouri’s Viburnum Trend 
(VT) resource mining area is from several sources resulting in a mixing of isotopic ratios 
that complicate the elucidation of a specific contaminating activity. Historic 





several kilometers of the local ‘Buick’ smelter, and up to three industrial smelters and 
many small backyard smelters processed Pb and other metals in the southeast Missouri 
region for nearly two hundred years (Wixson et al., 1975). Furthermore, mine tailings and 
slag from the smelters have been used as road surfacing aggregate and deicing material 
throughout this region (Hemphill, et al., 1974), and Dorn et al. (1975) determined that 
spillage of ore and concentrate from hauling trucks was responsible for the enrichment of 
trace metals in roadside soils.  To further complicate this mixture, the Buick smelter has 
operated historically as a primary Pb ore facility processing only VT ores from 1968 to 
1988, but in 1991 began operating as a secondary Pb facility used to recycle lead-acid 
batteries and other Pb containing wastes. Although many improvements to this facility 
were made prior to its current operation, regulatory monitors occasionally collect aerosols 
in the area that exceed the Federal ambient air standard of 0.15 µg/m
3 
(MoDNR, 2012), 
and secondary smelting has the ability to add many Pb isotopic signatures to the area that 
are derived from Pb of many unknown origins. Other activities that can contribute to the 
isotopic mixture include emissions generated by coal burning power plants, the 
combustion of leaded gasoline prior to its phase-out (1973-1996), cement production, and 
waste incineration (ATSDR, 2007). 
Isotopic studies used in combination with sequential extraction techniques have 
shown to be a valuable asset in determining the apportionment of natural and 
anthropogenic sources of Pb to the labile phases in a matrix (Teutsch et al., 2001; Erel et 
al., 1997; Emmanuel and Erel, 2002; Gobeil et al., 1995). These studies were focused on 
relatively undisturbed soils to determine the mobility of Pb with depth, the residence time 





of leaded-gasoline. However, there have been no similar investigations on the isotopic 
signatures associated with Pb in dust suspended from unsurfaced roads in a mining area 
such as the VT resource mining district where this element is extracted, milled, 
concentrated, hauled, and smelted in the same general area. The purpose of this paper is 
to present the results of an investigation on the use of Pb-isotope ratios to elucidate the 
sources of Pb contamination associated with the operational phases of an established 
sequential extraction procedure for dusts from unsurfaced roads in Missouri’s mining and 
non-mining areas. The research objectives include the determination of 1) end-member 
sources that are a reasonable approximation of the mixing of Pb in the environment, 2) 
difference in isotopic composition between unsurfaced roads in non-mining and mining 
areas, 3) the source apportionment using isotope ratios of Pb among the sequential and 
total aqua regia extracts, and 4) the proportion of anthropogenic Pb associated with the 
Pb-labile phases. These results should provide resource managers useful information for 
apportionment of mitigation responsibilities. 
 
2. Methods and Materials 
2.1 Sample Collection and Processing 
Samples were collected using a cyclonic fugitive dust (CFD) sampler (patent 
pending) to trap a sample of fugitive particle sizes that become air-borne behind a 
moving vehicle. The CFD sampler is designed to collect a sample that provides the best 
estimate of human exposure because it draws a sample directly from suspension similar 
to mechanism for human inhalation and ingestion. A complete description of the CFD 





particle sizes preferentially collected, quantity of sample collected per kilometer, and 
chemical variability of replicate sampling can be found in Witt et al. (2013c). 
Samples were collected from 17 unsurfaced roads in rural southern Missouri (Fig. 
1). Four of 17 samples were collected greater than 100 km to the west of the Viburnum 
Trend (VT) resource mining district to represent fugitive dust sources not influenced by 
proximal mining and smelting activities. The remaining 13 samples were collected in the 
VT resource mining district from randomly selected unsurfaced roads surrounding the 
mining, processing, and smelting activities. All samples were collected over several 
months from June to November 2011 during periods of extended dry weather to optimize 
the suspension of dusts from the roads and quantity of sample collected. Collection 
distances varied from 5.63  to 24.8 km and in some cases a road was traveled two or more 
times to obtain the largest possible sample. Between 6.0 and 36.6 g of dust were collected 
from each road reach and no further preparation of the sample (drying, sieving, and 
sorting) was done before analysis. Size fractions collected represented >1 μm particles 
captured by the cyclone and <1 μm particles captured by the filter media. Only extracts 
from the >1 μm portion of sample were used in this analysis. A complete geochemical 
characterization of these samples including sequential extraction, single extraction, x-ray 
diffraction, and scanning electron microscopy/energy dispersive spectroscopy is found in 
Witt et al. ( 2013 a,b).  
The BCR sequential extraction procedure used for this analysis is operationally 
divided the total Pb concentration into four phases (Rauret et al., 1999 and 2001; 
Quevauviller et al., 1993). These phases included the weak acetic acid extraction of the 





of the Fe + Mn oxide phase (reducible); the H2O2 and ammonium acetate extraction of 
the organics and sulfides phase (oxidizable); and the aqua regia extracted residual non-
silicate bound phase. Separate aliquots of sample were extracted using only the aqua 
regia method and compared with the sum of the sequential extracts—no sample exceeded 
a RPD of 4.5% (Witt et al., 2013b, Supplemental Information, Table 2). 
An additional grab sample was collected from a mine tailing pile located in the 
town of Viburnum. This sample was digested by aqua regia and analyzed for Pb 
concentration. All sample extracts were measured for Pb by inductively coupled plasma 
mass spectroscopy (ICP-MS) at the Missouri University of Science and Technology 
(MS&T), Environmental Research Center (ERC) Laboratory. Approximately 10 mL of 
each sequential extract was transferred to a clean polypropylene container and evaporated 
to complete dryness using a hotblock in a high-flow fume hood. These extracts were 
shipped to the U.S. Geological Survey Geochemistry laboratory, Denver, CO for 
reconstitution, ion separation, and isotope analysis. 
 
2.2 Lead Separation and Isotope Ratio Determination 
All reagents were prepared using Millipore® purified, deionized (MQ) water 
(18MΩ, Millipore, Billerica, MA, USA), sub-boiling in house triple-distilled HNO3 and 
double-distilled HCl or SeaStar Chemicals Inc® HCl (Sidney, British Columbia, 
Canada).  All materials used in the separation and collection of samples were washed in 
hot 10% HCl and rinsed with MQ water.  Ion exchange columns were prepared using 
Samco pipets (Cat #242, 8.5cm x 2.5mm, National Packaging Services, Inc., Secaucus, 





Bel-Art Products, Pequannock, NJ, USA).  Columns were loaded using 0.25 mL of pre-
cleaned Eichrom Sr (Eichrom, Lisle, IL, USA) specific resin.  The resin loaded columns 
were rinsed using five 1 mL aliquots of MQ water conditioned using three 1 mL aliquots 
of 2M HCl.  All chromatographic separation work was performed in a Class 100 clean 
room.   
Sequential extracted samples were reconstituted in 50 mL of 2M HCl.  Pre-
determined aliquot volumes for the sequential extractions, determined to result in a final 
solution concentration of 10 ng/g, were transferred into Savillex® containers and 
evaporated to dryness.  The dried samples were reconstituted in 0.5 mL 2M HCl and 
loaded on the preconditioned Eichrom Sr specific resin columns.  The loaded samples 
were allowed to absorb to the top of the resin bed before rinsing with two 0.5 mL of 2M 
HCl, followed by an additional two 1 mL 2M HCl aliquots to elute the matrices.  Pb was 
removed from the column using eight 1 mL portions of 6M HCl.  The eluted Pb fraction 
was collected in pre cleaned Savillex® vials and evaporated to dryness.  The dried Pb 
samples were reconstituted in 10 mL 2% HNO3 and allowed to sit overnight prior to 
multi-collector (MC) ICP-MS analyses.  
All Pb isotopic analyses were conducted at the USGS high resolution MC-ICP-
MS laboratory Denver, Colorado using a Nu Instruments HR®, double focusing MC-
ICP-MS.  Samples were spiked with National Institute of Standards and Technology 
(NIST) SRM 997 Tl isotope standard at the concentration equivalent to Pb (10 ng/g) and 
introduced into the MC-ICP-MS using a desolvating nebulizer (Aridus 2).  Mass bias was 




Tl value of 2.3871.  





integration per cycle for a total duration of 5 minutes per Pb isotope sample 
measurement.  A typical analysis procedure involved 4 to 5 samples bracketed by NIST 
SRM 981 Pb isotope standard.  Instrument performance and analytical procedure 
reproducibility were determined by analyzing NIST SRM 981, NIST SRM 2709, 2711 
and selected samples that were put through the sample preparation process multiple 
times.  Before, during and end of daily analytical sessions of SRM 981(n=57) during this 


















Pb of 1.220±0.003(2SD) in agreement with the values 

















Pb of 1.112±0.003(2SD) also in agreement with previously published values. All 
results of isotopic analysis for unsurfaced road dusts are found in table 1. 
 
3. Results and Discussion 
3.1 End-member Pb Source Selection 








Pb mixing line between the VT ores and the isotopic signature 
determined for U.S. aerosols (Fig. 2). Non-mining roads fall exclusively within the U.S. 
aerosol field whereas the mining roads occupy the upper end of the bedrock soil/lake 
sediment fields. Non-mining road dusts are consistent with isotopic ratios for Omaha, NE 
dusts and air where Pb was shown to have origins from ores mined in Idaho, Missouri, 





apportion Pb in samples according to contributions from smelter emissions, bedrock, and 




Pb ratios of previously 
published values for A-horizon soils collected near a closed primary smelter that 
represents the mixture of emission deposition with natural background Pb; sediments 
from a section of Clearwater Lake that received drainage from an un-mined basin of the 
VT area, and bedrock contact soils that represent the natural background concentration; 
and Pb found in U.S. aerosols measured during the 1990s following the phase-out of 
leaded-gasoline (Prapaipong, et al., 2008; Krizanich, 2008; Bollhӧfer and Rosman, 2001, 
respectively).  
Previously published A-horizon soils used for this analysis were collected from 
the first 2-8 cm of soil from several locations ranging from 0.8 to 12.1 km from the 
Glover smelter (Prapaipong et al., 2008). This smelter operated from 1963 to 2003 and 
prior to its closing was responsible for processing VT lead-zinc ores. Currently there are 
no Pb isotope data for emissions from the Buick smelter located in the vicinity of the 
unsurfaced roads in this study. The Glover smelter is located about 60 km to the southeast 
of the sample collection area (Fig. 1) and produced emissions that we anticipate would be 
consistent with the Buick smelter during its operation (1968-1986) as a primary Pb 
smelter because both smelters were processing ore concentrate from the same mining 
district. Published E-horizon soils also were collected from the same area; however, at 
depths generally >50 cm over dolomite bedrock. Prapaipong et al. (2008) show a 
substantial decrease in Pb concentration with soil depth, with concentrations that fell 
within the range of background (10 to 30 mg/kg) for the region at 10-25 cm depth. The 





Buick smelter also was observed by other investigators and is attributed to adsorption by 
organics and oxides in the upper horizons of the soil matrix (Wronkiewicz et al., 2006; 
Bolter et al., 1975; Rucker, 2001; Witt et al., 2013; Tidball, 1984; Wixson et al., 1975). 
Therefore, the bedrock soil end-member selection is representative of soil background 






Previously published U.S. aerosol data were obtained from 1994 to1998 using 
stationary Teflon membrane collectors distributed in 14 cities nationwide (Bollhӧfer and 




Pb ratios ranged from 1.159 to 1.231 and are 
consistent with a more recent isotopic characterization of aerosols in Omaha, NE by 
Manton et al. (2005). Leaded-gasoline is probably not a substantial component of 
aerosols collected in the Bollhӧfer and Rosman study as tetraethyllead additive was 
gradually phased out with <0.1 g/gal being added to gasoline from 1990 to 1995 (Hurst et 
al., 1996). Leaded-gasoline has been shown to be an insignificant source of Pb in 




Pb ratio for 
leaded gasoline in the 1980s was 0.845 (Sturges and Barrie, 1987) and increased as the 





Pb=0.883) making delineation between potential aerosol sources in this 
media nearly impossible without more recent source-specific data from other industries 
such as emissions from coal burning power plants, waste incinerators, metal processing, 
and urban area dust resuspension from soils. 
Mine tailing fugitive dust could play a substantial role in aerosol Pb concentration 





lower range of US Aerosol suggesting it is either a local aerosol source to unsurfaced 
roads of the mining area or a recipient of a large concentration of Pb from region air mass 
deposition (Fig.2). Nevertheless, US aerosols as a mixture of Pb sources has a substantial 
influence on the Pb isotopic ratio of unsurfaced road dust because these dusts routinely 
become re-suspended allowing mixture with various isotopic signatures. Although this 
end-member is heterogeneous by nature, it is a reasonable representation of an outside 
source of Pb to the fugitive dusts of unsurfaced roads in the non-mining and mining areas 




Pb used herein for modeling purposes is 0.837. 
 
3.2 Isotopic Ratios of Pb Phases 
The road dusts collected for this study are a mixture of fine-grained quartz, 
dolomite, and clay with Fe oxides coatings on many of the quartz particles. Sequential 
extraction was used to define how Pb was distributed among this matrix and to identify 
Pb minerals associated with the more labile phases (Witt et al., 2013b). The more labile 
Pb proportion is associated with the first two fractions of the sequential extraction 
procedure whereas the more immobile proportion is associated with the last two 
fractions. Results show that mining roads partition Pb different than non-mining roads 
(Fig. 3). Between 5 and 42% of the total Pb concentration for mining road dusts is found 
in the weak acid extract of the E+C phase. By comparison no more than 6% is accounted 
for in the non-mining roads. The reducible extraction contained the most substantial 
portion of the total Pb concentration for all mining area roads and ranged from 22 to 
70%. The oxidizable phase ranged from 12 to 47% and 30 to 34% of the total Pb 





had a smaller portion of the total concentration associated with the oxidizable phase 
especially for those road samples that had higher total Pb concentration. Lead associated 
with the immobile residual phase ranged from 3 to 27% of the total concentration in 
mining road dusts. Non-mining road dusts had a much larger proportion of Pb associated 
with this phase and ranged from 35 to 55% of the total Pb concentration.  




Pb for non-mining and mining areas. Generally all phases of the non-mining area 
dusts are grouped at the higher end of the ratios, whereas the mining area road dust 
phases are spread out between 1.95 and 2.02. There was no particular trend among the 




Pb ratio. Figure 4 shows a 




Pb ratios for each sequential extract and the aqua 
regia total Pb concentrations. Overall there is a slight trend for Pb to have smaller 




Pb ratio has the largest variability in the E+C phase and the largest average ratio 




Pb ratio. The aqua regia extracted total Pb concentration appears to provide the 
best overall isotopic characterization of the unsurfaced road dust samples with an average 
ratio of 0.806. The minimal differences in Pb isotope ratios among the sequential extracts 
suggest there is a similar mixture of sources influencing the composition of each mobility 
phase. Road dust in the environment undergoes routine variations in moisture content, 
disturbance from road maintenance and vehicle re-suspension, additions of quarry stone, 
and mixture with local and regional aerosols—these are apparently substantial factors in 





3.3 Mixing Model and Pb Apportionment 
Lead in road dusts from both the non-mining and mining areas of this study were 
apportioned to the three previously discussed end-members: smelter emissions, bedrock 
soil or background, and aerosols in the atmosphere of the United States. A simple two-
end-member mixing model described by Krey (1974) and recently used by Zheng et al. 
(2012) was applied to determine Pb apportionment into the three end-members. The 
calculating steps followed the progression of the formulae presented and assumes the 
mass-balance,  Pbsmelter + Pbbedrock + Pbaerosol =1, 
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This particular end-member model was chosen so apportionment would be based 




Pb ratio without the influence of sample concentration. Plots of the 
inverse concentration for unsurfaced road dust, smelter impacted soils and aerosols did 
not fall within a linear trend that is characteristic of mixing between two end-members. 





the lower concentrations from the individual road dust sequential extracts relative to the 
smelter contaminated soils (Fig.5). After attempts at several modeling problems that 
tended to over-estimate the contribution of smelter emission to dust on roads located 
more than 10km from the source, it was determine the best method of apportionment was 
to apply the presented model.  
There is a distinct difference between non-mining and mining road with respect to 
Pb apportionment (Fig.6). Non-mining roads generally had a larger portion of its Pb 
associated with the aerosol end-member. The E+C phase trended more towards the 
aerosols whereas the residual non-silica bound Pb more toward the smelter emission. 
While the non-mining roads are located more than 100 km to the west of the smelting 
operations, isotopic data suggests that these facilities had some impact on Pb 
concentration in non-mining areas. Total aqua regia extracted Pb concentrations for the 
non-mining roads ranged from 4.19 to 16.9 mg/kg (table 1) which is within background 
concentrations for region soils; however, fugitive road dust are routinely exposed to 
aerosol and other Pb types during frequent re-suspension and may accumulate Pb that did 
not originate from the parent bedrock of the area. Also, these roads receive frequent 
additions of quarry stone as part of the county road maintenance program. The Pb 
isotopic ratios of this quarry stone was not determined but could be responsible for 
driving apportionment toward the smelter end-member.  
Mining area roads have more of the total Pb concentration apportion towards the 
smelter and bedrock end-members (Fig. 4). Less than 35% of the concentrations for each 
extraction were attributed to aerosol contribution. All phases appear to exhibit the same 





smelter emissions. The lowest percentage was found for a road located 5 km southwest 
from the smelter and having an extractable concentration and isotopic ratio similar to the 
non-mining unsurfaced roads; whereas the largest percentage from smelter emissions was 
found for a road located 20 km north of the smelter. Wind direction measured at the 
Buick smelter during the 1970s when this was a primary Pb processing facility indicate 
the most frequent wind direction was from the south which occurred 16% of the time 
(Wixson, et al., 1973). This prevailing wind direction correlated well with Pb 
concentrations observed in the A-horizon soils within the vicinity of the smelter (Wixson 
et al., 1975). Prapiapong et al. (2008) showed a decrease in smelter contribution to soil 
with distance from the Glover smelter which is consistent with the historical observation 
of Wixson et al. (1975) for the Buick smelter. The road dust results for this investigation 
demonstrate large variability in isotopic composition among the mining road group that 
does not correlate with distance from the smelter. However, the observed variation may 
be in response to the frequent mixing these roads receive through maintenance, use, and 
deposition of secondary smelter residue that does not have the same signatures as the ore 
of the local area.  
The reducible phase showed a similar trend with smelter, bedrock and aerosol 
apportionment ranging from 25 to 66%, 6 to 51%, and 23 to 30%, respectively. The 
unsurfaced road with the largest concentration and located within 3 km of the smelter had 
27% of its concentration associated with smelter emissions and 48% associated with 
bedrock. This road had a fresh layer of quarry stone applied to it prior to sampling which 
seems to be consistent with the result but also suggests that quarry resources, not the local 





The lesser mobile phases, oxidizable and residual, had a much larger portion of 
the Pb concentration associated with the smelter averaging 47 and 59% smelter emissions 
for the respective phases. The range of influence from bedrock for these roads in the 
oxidizable phase was 6 to 86% with an average of 25%. Bedrock soils contributed 14% 
of the Pb concentration to samples in the immobile residual phase. This suggests that 
smelter emissions are largely apportioned to the lesser mobility phases of a total Pb 
concentration in dusts from unsurfaced roads in the mining area. 
The aqua regia digested samples showed the same apportionment trend in both 
non-mining and mining groups. Total aqua regia concentrations for the non-mining areas 
trended toward the US aerosol end-member (Fig.6). Fifty-six to 81% of the total Pb 
concentration in non-mining road dusts was from the aerosol source. The smelter source 
accounted for 10 to 32% and the bedrock from 11.2 to 18.7%. The sample with the 
largest smelter proportion was collected near Rolla, MO and is the single closest non-
mining unsurfaced road to the VT area. This sample was the first collected before the 
sampler was deployed in the mining area, so contamination between sites is not a 
concern. The third sample was collected more than 100km to the southwest of the VT 
area and had no smelter source in its composition. This is consistent with the rural 
agricultural area isolated from any type of industrial source of Pb where the only 
influence on total Pb concentration would be related to the bedrock soil and US aerosols. 
Smelter contributions for the mining area dusts ranged from 25 to 63%. Fifty-
seven and 61% of the total concentrations for the two most contaminated samples were 
the result of smelter emissions. Bedrock accounted for an average of 21.6% the total 





present by Prapaipong et al. (2008) for soil samples in the same mining area. Aerosol 
mixing with road dusts was relatively consistent throughout all samples and averaged 
28.7% of the total concentration for mining area road dusts. 
 
3.4 Apportionment of Pb-labile Phases 
The labile phases of Pb (E+C and reducible quantities) are the most concerning to 
human health because these phases have been shown through in vitro analysis to be 
bioaccessible (Witt et al., 2013b). Table 2 lists the aerosol concentrations for Pb as 
recalculated using the collection parameters of the CFD sampler presented in Witt et al. 
(2013a). Non-mining unsurfaced road dust had one concentration exceed the Federal 
ambient air quality standard of 0.15µg/m
3 
in the labile reducible phase that is attributed to 
the U.S. aerosol end-member.  
Mining area unsurfaced road dust showed a more problematic trend because all of 
these roads had several concentrations exceed the standard in the two Pb-labile phases. 
Ten of 13 samples had concentrations exceed the standard in the E+C phase with 8 
attributed to the smelter, 6 to bedrock soils, and 6 to the US aerosol end-members. The 
smelter source was responsible for the largest percentage of labile Pb in mining samples 
of the E+C phase. All samples exceeded the standard for all three end-members in the 
reducible phase with the smelter being the predominate source. An analysis of the three 
highest and two lowest concentrations was conducted to determine the percent of labile 
Pb in the extremes of the dataset. The three highest total concentrations in the mining 
area are 967, 29.4, and 13.5 µg/m
3
 (Table 2). Labile Pb ranged from 71.7 to 85% for 





to bedrock, and 21.5 to 25% apportioned to aerosols. The two lowest concentrations are 
2.06 and 3.53 µg/m
3
 with 45 and 53.9% of these total concentrations associated with the 
labile Pb phases. Smelter emissions contributed 15 to 22.4% of the labile Pb with the 
more significant contribution apportioned to the bedrock soil. Aerosols represented 13% 
of the total labile Pb concentrations for these low concentration samples. There is no 
reliable relationship between total concentrations of unsurfaced road dust in the mining 
area to the percent labile Pb (Fig. 7). Therefore any assignment of apportionment must 




The variation in isotopic composition of the operational phases of the sequential 
extraction procedure was small between phases suggesting that the same Pb sources mix 





ratios in each successive partition. The total aqua regia isotopic composition represented 
an average of all the extracts suggesting this may be a more cost effective method of 
characterizing source contributions to suspended road dust unless specific information is 
needed on the labile components of the total concentration.   
Non-mining and mining roads show clear differences in Pb isotopic compositions. 
Non-mining roads source Pb is primarily from US aerosol whereas mining area roads 
receive mostly smelter emissions.  Approximately 85% of the total Pb concentration is 
labile in dusts from mining area roads with as much as 44% attributed to the smelter and 





Pb and probably represents dissolution of secondary Pb minerals in the host bedrock or in 
quarry stones used to maintain these roads. 
Overall this research suggests that there is enough difference among the 
unsurfaced roads in the mining area to warrant isotopic analysis and source 
apportionment on a case-by-case basis. Modeling based on the data presented herein is 
not sufficient to draw conclusions from concentrations of road dust that do not have 
accompanying isotopic data. However, it can be concluded that Pb-labile concentrations 
are high in mining area road dusts and can be attributed to both local smelting and U.S. 
aerosol signatures. 
Future work should include high precision isotopic analysis of potential end-
members to include samples of mine tailings from throughout the southeast Missouri 
mining region; local aerosol samples near the smelter and milling areas; similar samples 
of the air mass outside the mining areas; and quarry stone used for road maintenance. 
These results should provide the scientific community with better clarity as to source and 
influence of Pb on fugitive dust from unsurfaced roads. 
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(mg/kg) 208Pb/204Pb STD 207Pb/204Pb STD 206Pb/204Pb STD 208Pb/206Pb STD 207Pb/206Pb STD 
Exchangeable + Carbonate Phase 
Non-
mining 0.19 38.594 0.005 15.677 0.002 19.151 .002 2.052 0.00007 0.819 0.00002 
Non-
mining 0.17 38.649 0.008 15.673 0.003 19.231 0.004 2.010 0.00005 0.815 0.00003 
Non-
mining 0.42 38.242 0.006 15.657 0.002 18.769 0.003 2.038 0.00007 0.834 0.00002 
Non-
mining 0.79 38.801 0.007 15.693 0.003 19.316 0.003 2.009 0.00012 0.812 0.00002 
Mining 2.99 38.836 0.022 15.711 0.008 19.563 0.010 1.985 0.00020 0.803 0.00008 
Mining 2049 38.862 0.017 15.718 0.007 19.541 0.007 1.989 0.00039 0.804 0.00015 
Mining 15.4 38.393 0.009 15.679 0.003 18.996 0.004 2.021 0.00006 0.825 0.00003 
Mining 1.63 38.899 0.005 15.726 0.002 19.534 0.002 1.991 0.00010 0.805 0.00004 
Mining 2.94 38.810 0.012 15.704 0.005 19.512 0.005 1.989 0.00010 0.805 0.00006 









Table 1.-- Isotopic ratios for fugitive road dust from unsurfaced roads in non-mining and mining areas of Missouri. (Cont.) 
Mining 5.89 38.638 0.001 15.696 0.000 19.226 0.000 2.010 0.00002 0.816 0.00001 
Mining 11.76 38.968 0.009 15.742 0.003 19.756 0.004 1.972 0.00009 0.797 0.00005 
Mining 85.06 39.042 0.005 15.770 0.002 19.593 0.002 1.993 0.00009 0.805 0.00003 
Mining 3.75 38.584 0.004 15.692 0.002 19.223 0.002 2.007 0.00004 0.816 0.00002 
Mining 1.9 39.239 0.013 15.769 0.005 19.968 0.006 1.965 0.00009 0.790 0.00003 
Mining 2.41 38.952 0.010 15.712 0.004 19.653 0.005 1.982 0.00007 0.799 0.00003 
Mining 8.32 38.697 0.004 15.702 0.002 19.312 0.002 2.004 0.00005 0.813 0.00002 
Reducible Phase 
Non-
mining 0.44 38.465 0.004 15.661 0.002 18.990 0.002 2.026 0.00003 0.825 0.00001 
Non-
mining 0.78 38.886 0.011 15.725 0.004 19.527 0.005 1.991 0.00010 0.805 0.00003 
Non-
mining 4.67 38.460 0.009 15.676 0.004 19.078 0.005 2.016 0.00009 0.822 0.00003 
Non-
mining 1.65 38.658 0.004 15.668 0.002 19.078 0.002 2.026 0.00004 0.821 0.00003 
Mining 34.35 38.955 0.007 15.743 0.003 19.671 0.003 1.980 0.00007 0.800 0.00002 










Table 1.-- Isotopic ratios for fugitive road dust from unsurfaced roads in non-mining and mining areas of Missouri. (Cont.) 
Mining 21.93 38.934 0.008 15.731 0.003 19.651 0.004 1.981 0.00006 0.801 0.00004 
Mining 12.49 38.814 0.009 15.725 0.004 19.615 0.005 1.979 0.00011 0.802 0.00005 
Mining 16.77 38.889 0.009 15.730 0.003 19.610 0.004 1.983 0.00016 0.802 0.00007 
Mining 16.56 38.947 0.008 15.743 0.003 19.700 0.004 1.977 0.00012 0.799 0.00005 
Mining 37.38 38.964 0.005 15.741 0.002 19.738 0.003 1.974 0.00015 0.798 0.00009 
Mining 74.1 38.719 0.008 15.710 0.003 19.392 0.004 1.997 0.00009 0.810 0.00004 
Mining 179.3 38.699 0.007 15.707 0.003 19.287 0.003 2.006 0.00006 0.814 0.00003 
Mining 24.6 39.340 0.010 15.756 0.003 19.918 0.004 1.975 0.00013 0.791 0.00003 
Mining 19 38.935 0.004 15.720 0.002 19.561 0.002 1.990 0.00006 0.804 0.00002 
Mining 25.0 38.955 0.007 15.743 0.003 19.671 0.003 1.980 0.00007 0.800 0.00002 
Mining 46.1 38.511 0.008 15.697 0.004 19.166 0.004 2.010 0.00011 0.819 0.00003 
Oxidizable Phase 
Non-
mining 1.19 38.777 0.012 15.709 0.005 19.393 0.006 2.000 0.00009 0.810 0.00004 
Non-











Table 1.-- Isotopic ratios for fugitive road dust from unsurfaced roads in non-mining and mining areas of Missouri. (Cont.) 
Non-
mining 5.12 38.501 0.011 15.689 0.004 19.103 0.005 2.016 0.00021 0.821 0.00006 
Non-
mining 4.32 38.669 0.005 15.672 0.002 19.077 0.002 2.027 0.00011 0.822 0.00002 
Mining 5.72 38.689 0.028 15.657 0.012 19.595 0.013 1.975 0.00017 0.799 0.00010 
Mining 574 39.108 0.012 15.750 0.005 19.912 0.005 1.964 0.00024 0.791 0.00007 
Mining 44.8 38.729 0.008 15.720 0.003 19.421 0.004 1.994 0.00015 0.809 0.00004 
Mining 8.47 38.877 0.006 15.734 0.003 19.607 0.003 1.983 0.00004 0.802 0.00002 
Mining 10.3 39.096 0.006 15.755 0.002 19.913 0.003 1.963 0.00012 0.791 0.00007 
Mining 16.1 38.791 0.007 15.717 0.003 19.544 0.004 1.985 0.00007 0.804 0.00003 
Mining 7.09 38.773 0.006 15.723 0.002 19.489 0.003 1.989 0.00017 0.807 0.00009 
Mining 11.6 39.065 0.010 15.764 0.003 19.812 0.004 1.971 0.00008 0.796 0.00004 
Mining 40.3 39.070 0.004 15.745 0.002 19.784 0.002 1.975 0.00007 0.796 0.00004 
Mining 4.9 39.047 0.006 15.722 0.002 19.652 0.003 1.987 0.00006 0.800 0.00002 
Mining 7.36 38.770 0.004 15.705 0.002 19.395 0.002 1.999 0.00011 0.810 0.00005 
Mining 4.74 38.246 0.005 15.653 0.002 18.793 0.002 2.035 0.00006 0.833 0.00003 









Table 1.-- Isotopic ratios for fugitive road dust from unsurfaced roads in non-mining and mining areas of Missouri. (Cont.) 
Residual Non-silicate Bound Phase 
Non-
mining 2.14 38.954 0.009 15.717 0.004 19.392 0.005 2.009 0.00005 0.811 0.00002 
Non-
mining 3.55 38.785 0.003 15.682 0.001 19.294 0.001 2.010 0.00005 0.813 0.00002 
Non-
mining 5.54 39.222 0.007 15.712 0.003 19.532 0.003 2.008 0.00005 0.804 0.00003 
Non-
mining 6.28 39.114 0.006 15.735 0.002 19.734 0.003 1.982 0.00007 0.797 0.00002 
Mining 6.4 39.232 0.019 15.710 0.007 19.824 0.009 1.980 0.00025 0.793 0.00016 
Mining 129 39.407 0.018 15.823 0.007 20.206 0.008 1.950 0.00026 0.783 0.00005 
Mining 13.2 39.109 0.007 15.728 0.003 19.692 0.003 1.986 0.00005 0.799 0.00002 
Mining 3.54 39.676 0.006 15.756 0.003 19.832 0.003 2.001 0.00009 0.794 0.00004 
Mining 4.98 39.419 0.006 15.708 0.002 19.584 0.003 2.013 0.00004 0.802 0.00001 
Mining 7.32 39.541 0.008 15.775 0.003 20.188 0.004 1.959 0.00016 0.782 0.00010 
Mining 4.59 39.791 0.005 15.753 0.002 19.945 0.003 1.995 0.00005 0.790 0.00003 
Mining 4.84 39.713 0.008 15.738 0.003 19.756 0.004 2.010 0.00015 0.797 0.00005 










Table 1.-- Isotopic ratios for fugitive road dust from unsurfaced roads in non-mining and mining areas of Missouri. (Cont.) 
Mining 4.62 38.988 0.004 15.695 0.002 19.327 0.001 2.018 0.00004 0.812 0.00001 
Mining 10.48 39.781 0.009 15.781 0.002 20.190 0.005 1.971 0.00029 0.782 0.00015 
Mining 9.1 38.906 0.002 15.707 0.001 19.404 0.001 2.005 0.00002 0.810 0.00001 
Mining 8.31 39.397 0.009 15.747 0.003 19.750 0.004 1.995 0.00007 0.797 0.00003 
Aqua Regia Total 
Non-
mining 4.19 38.722 0.009 15.686 0.003 19.264 0.004 2.010 0.00016 0.814 0.00005 
Non-
mining 6.53 38.503 0.004 15.637 0.002 18.836 0.002 2.044 0.00004 0.830 0.00002 
Non-
mining 16.87 37.849 0.008 15.613 0.003 18.255 0.003 2.074 0.00014 0.855 0.00003 
Non-
mining 14.19 38.467 0.005 15.675 0.002 19.079 0.003 2.016 0.00008 0.822 0.00002 
Mining 46.55 38.762 0.012 15.708 0.004 19.390 0.005 1.999 0.00017 0.810 0.00009 
Mining 4040 39.004 0.016 15.749 0.006 19.758 0.007 1.974 0.00026 0.797 0.00010 
Mining 93.94 38.617 0.007 15.725 0.003 19.190 0.004 2.013 0.00011 0.819 0.00005 
Mining 28.42 38.889 0.010 15.724 0.003 19.630 0.005 1.982 0.00010 0.801 0.00004 









Table 1.--Isotopic ratios for fugitive road dust from unsurfaced roads in non-mining and mining areas of Missouri. (Cont.) 
Mining 43.39 39.036 0.010 15.745 0.004 19.858 0.005 1.966 0.00010 0.793 0.00004 
Mining 56.26 38.959 0.008 15.729 0.003 19.694 0.005 1.978 0.00016 0.799 0.00008 
Mining 92.77 39.132 0.006 15.767 0.002 19.891 0.004 1.968 0.00016 0.793 0.00007 
Mining 277.96 39.062 0.010 15.763 0.004 19.853 0.005 1.968 0.00010 0.794 0.00003 
Mining 37.54 38.903 0.009 15.719 0.004 19.571 0.005 1.988 0.00007 0.803 0.00003 
Mining 36.67 38.816 0.009 15.707 0.004 19.395 0.004 2.001 0.00009 0.810 0.00005 
Mining 39.24 38.741 0.009 15.697 0.004 19.329 0.004 2.004 0.00007 0.812 0.00002 
Mining 66.23 38.966 0.010 15.747 0.004 19.633 0.005 1.985 0.00010 0.802 0.00003 
Mine 


















Table 2.—Pb aerosol concentrations apportioned to each end-member of the four sequential extracts and total aqua regia for non-
mining and mining unsurfaced roads in Missouri. 



































0.29 NM 0.004 0.002 0.009 0.005 0.004 0.021 0.035 0.009 0.046 0.060 0.016 0.083 
0.39 NM 0.003 0.001 0.006 0.023 0.004 0.023 0.026 0.016 0.079 0.073 0.023 0.115 
2.13 NM 0.003 0.009 0.048 0.139 0.083 0.411 0.156 0.089 0.445 0.349 0.064 0.338 
0.90 NM 0.018 0.005 0.027 0.025 0.014 0.071 0.067 0.039 0.194 0.249 0.028 0.163 
8.53 M 0.25 0.11 0.16 1.64 2.85 1.45 0.54 0.15 0.30 0.70 0.09 0.31 
967 M 191 95.0 125 114 200 101 75.6 7.85 31.6 20.1 0.32 5.49 
4.22 M 0.11 0.45 0.12 0.51 0.17 0.29 0.78 0.63 0.58 0.32 0.09 0.18 
2.06 M 0.06 0.03 0.04 0.25 0.50 0.23 0.33 0.14 0.20 0.17 0.03 0.08 
4.83 M 0.19 0.10 0.12 1.21 0.41 0.71 0.93 0.10 0.39 0.34 0.14 0.21 
3.53 M 0.10 0.05 0.07 0.69 0.26 0.42 0.63 0.31 0.41 0.49 0.00 0.12 
3.86 M 0.12 0.19 0.10 1.31 0.52 0.80 0.22 0.13 0.15 0.22 0.02 0.09 
8.89 M 0.59 0.13 0.30 3.49 1.00 1.95 0.60 0.11 0.30 0.24 0.05 0.12 
29.4 M 3.60 1.88 2.38 9.34 2.28 4.98 2.19 0.44 1.10 0.49 0.36 0.36 
7.07 M 0.21 0.31 0.18 1.75 1.51 1.32 0.49 0.15 0.28 0.30 0.32 0.24 
5.70 M 0.19 0.02 0.07 0.91 1.15 0.75 0.42 0.35 0.31 1.22 0.01 0.31 
4.49 M 0.14 0.04 0.08 1.79 0.18 0.75 0.03 0.45 0.04 0.39 0.31 0.29 










Figure 1.—Site map showing location of unsurfaced roads sampled in the Viburnum 
Trend resource mining district in relation to the Buick and Glover smelters. The Glover 
smelter processed VT ores until its closure in 2003. The Buick smelter processed VT ores 








Figure 2.—Isotope ratio plots showing relationship of proposed end-members to fugitive 
dust collected from unsurfaced roads in non-mining and mining areas of Missouri [1, 
Goldhaber et al.,1994; 2, Prapaipong et al., 2008; 3, Bollhöfer and Rosman, 2000; 4, 
Krizanich, 2008; 5, Manton et al., 2005]. End-member boundaries were established from 
the average isotopic ratios of smelter soils, bedrock soils, and US aerosols and are 










Figure 3.—Phase partitioning of Pb in fugitive dust from unsurfaced roads in non-mining 











Figure 4.—Comparison of 207Pb/206Pb ratios for individual sequential extracts and the 
aqua regia total Pb concentrations of fugitive dust for non-mining and mining area 















Figure 5.—Plot of 207Pb/206Pb and the inverse of the Pb concentration showing 
relationship between unsurfaced road dust and published values for smelter soils, bedrock 

















Figure 6.—Comparison of source apportionment of Pb by phase and total concentration 
for non-mining and mining area road dusts. 
 
 
Figure 7.—Graph showing poor relationship between Pb-labile endmember source and 








2. CONCLUSIONS AND RECOMMENDATIONS 
2.1  CONCLUSIONS 
The main observations and conclusions from this integrated field and laboratory 
investigation are summarized below: 
1. The CFD sampler specifically developed for this investigation successfully provided 
a: 1) composite sample of a road surface suspension for a predetermined length of 
road surface; 2) a large quantity of >1 µm particle sizes for multiple chemical and 
physical measurements; 3) a <1 µm sample for chemical characterization of the more 
fugitive dust component. Furthermore it provides information that allows for 
geospatial representation of the sample reaches and quantification as aerosol 
concentrations. There is currently a patent pending for this dust sampling technology. 
2. Dust from unsurfaced roads in mining areas contain substantially more trace elements 
than dust from roads in the rural agricultural areas that are not impacted by mining or 
any other industry that would enrich these surfaces with trace elements. 
3. Sequential extraction of dust samples to determine the operational phases associated 
with Pb reveals that non-mining road dusts have more of the total concentration 
associated with the less mobile oxidizable and residual phases. By contrast the mining 
area roads had the larger portion of Pb in dust associated with the exchangeable + 





4. Dust particles <1 µm in size were significantly more enriched with Pb than those 
collected in the >1µm size fraction. This enrichment of the finer dust component is 
attributed to the large percentage of clay minerals observed in this fraction. These 
clay minerals are preferential sorption sites for non-specific Pb oxides and Pb ions. 
On the average, 32% more Pb concentration was associated with the E+C phase in the 
<1µm size fraction. This demonstrated increased mobility in the smaller particles 
sizes could be a serious health concern for the region.  
5. Bioaccessible concentrations of Pb are substantial for both ingestion and inhalation 
mechanisms. Results indicated that as much as 78% of the total Pb concentrations for 
the most severely contaminated road dusts were bioaccessible through gastric fluid 
dissolution. And, simulated lung fluid can extract up to 100% of the Pb associated 
with the <1 µm dust fraction. 
6. Non-mining and mining roads show clear differences in Pb isotopic compositions. 
Non-mining roads source Pb is primarily from US aerosol whereas mining area roads 
receive mostly smelter emissions.  Approximately 85% of the total Pb concentration 
is labile in dusts from mining area roads with as much as 44% attributed to the 
smelter and 25% from US aerosols. Bedrock soil contributes between 14 and 30% of 
the total labile Pb and probably represents dissolution of secondary Pb minerals in the 
host bedrock or in quarry stones used to maintain these roads. 
7. Regression modeling provides a reasonable level of confidence for estimating the 
labile and bioaccessible components of the total Pb concentration for unsurfaced road 





apportionment evaluation. Therefore, any source apportionment needed for future 
road dust collections will require individual analysis.  
 
2.2 RECOMMENDATIONS FOR FUTURE WORK 
While this investigation provides a very thorough characterization of unsurfaced 
road dust chemistry with a comparison between non-mining and mining area roads, it 
could benefit from additional samples and analytical enhancement for other potentially 
contaminated areas. Below is a summary of some ideas for future research related to 
fugitive dust: 
1. Results of this study indicate a clear difference in trace element concentration 
between non-mining and mining area roads. For this work the mining area roads were 
focused on only one mining district, the Viburnum Trend. Future study would benefit 
from sampling in the other mining districts and making a comparison between those 
roads to determine contamination severity as it relates to historic use of an area for 
mining and ore processing. It is possible that road surfaces in the older mining areas 
do not possess the same level of contamination as the Viburnum Trend roads or have 
different isotopic signatures that relate to the mined ores from those districts. 
2. Deployment of the sampler over paved roads in the same area would be an interesting 
investigation. While the quantity of dust collect would be substantially less, it is 
possible that fugitive dust generated from unsurfaced roads in the region is impacting 
the paved roads of the same area. Also, most ore hauling now occurs on paved road 





closely to the Viburnum ore end-member and necessitate the development of new 
mixing models. 
3.  Application of this sampling methodology to similar environments in different 
regions of the world would be an interesting investigation. Application toward 
defense activities where inspections of areas for the manufacture and use of chemical 
weapons needs to be investigated. The sampler collection methodology can be 


























Data presented in this appendix includes all the analyses that were performed in 
conjunction with the research. These include results for total and sequential extraction; 
quality assurance and method validation data used in the laboratory decision making 
process; bioaccessibility dissolutions; and Pb isotope ratios. 
 
















1 179101 90540 295 6956 379 1445 232 
2 107806 58694 257 9114 346 3214 202 
3 25496 13137 492 15473 410 7532 693 
4 67209 35911 330 11774 471 5563 483 
5 94134 50337 353 7541 400 3954 454 
6 157760 86669 316 6241 367 2199 264 
7 91444 48165 280 8805 402 3321 349 
8 67187 34093 300 7409 343 3539 399 
9 74343 38117 214 8061 321 3394 242 
10 70976 36032 342 7711 405 3623 528 
11 34397 18744 214 8285 333 4287 393 
12 16947 8930 232 11497 293 4301 389 
13 50878 27035 329 9148 429 4928 372 
14 32456 17613 342 13160 355 6501 475 
15 39307 21568 328 11389 303 4959 439 
16 25991 13958 367 12033 338 5641 471 
17 42842 21368 1800 8853 304 3316 331 
QC-1 150138 80502 201 6499 294 1887 315 
QC-2  -- -- -- -- -- -- -- 
QC-3 -- -- -- -- -- -- -- 
QC-7 -- -- -- -- -- -- -- 
QC-8 -- -- -- -- -- -- -- 
QC-5 148068 79623 257 5913 459 2049 297 






































1 4.3 15.2 2 8.8 4.2 0.1 
2 6.4 12.4 2.2 6.2 4.9 0.01 
3 50.7 59.7 11.9 13.5 37.9 0.5 
4 4587.9 432.9 13.4 21.9 283.8 6.3 
5 15.7 28.6 4.5 7.3 5.3 0.2 
6 11.9 32.7 2.7 9.3 4.4 0.3 
7 85.2 41.5 4.5 7.5 27.3 0.7 
8 26.4 33.9 6.9 7.9 8.9 0.3 
9 36.7 22.7 3.4 5.4 7.3 0.3 
10 46.3 43.2 8.5 10.4 33.5 0.5 
11 58.5 31 4.2 4.7 11.7 0.4 
12 93.2 75.9 6.5 7.6 33.4 0.5 
13 331.1 63.9 5.4 7.7 42.9 0.7 
14 39.3 20.5 5.9 6 8.5 0.2 
15 38.3 30.1 5 5.5 6.7 0.2 
16 42 35 5.5 5.7 7.2 0.3 
17 61.3 27.9 3.1 4.5 31.2 0.4 
QC-1 14.4 23.2 3.1 7.2 4.7 0.2 
QC-2 14.2 24.8 3.4 7.8 4.7 0.3 
QC-3 11.1 22.8 2.9 7.4 3.5 0.2 
QC-7 11.4 25.2 3 7.4 4.7 0.2 
QC-8 11.9 25.4 3.1 7.7 4.3 0.2 
QC-5 10.8 23.9 3 7.6 3.8 0.2 





Sequential Extraction Results 
Sample 
ID 
Phase Partition Results for Pb (mg/kg) 





DU1 0.19 0.44 1.19 2.14 4.19 3.96 1.41 
DU2 0.17 0.78 1.95 3.55 6.53 6.45 0.31 
DU3 2.99 34.35 5.72 6.4 46.55 49.46 -1.52 
DU4a 2049 2068 574.19 128.89 4040 4820.08 -4.40 
DU4b 2438 1465 777.84 136.47 4040 4817.31 -4.39 
DU5 0.42 4.67 5.12 5.54 16.87 15.75 1.72 
DU6 0.79 1.65 4.32 6.28 14.19 13.04 2.11 
DU7 15.4 21.93 44.81 13.2 93.94 95.34 -0.37 
DU8 1.63 12.49 8.47 3.54 28.42 26.13 2.10 
DU9 2.94 16.77 10.29 4.98 38.02 34.98 2.08 
DU10 2.65 16.56 16.14 7.32 43.39 42.67 0.42 
DU11 5.89 37.38 7.09 4.59 56.26 54.95 0.59 
DU12 11.76 74.1 11.62 4.84 92.77 102.32 -2.45 
DU13 85.06 179.3 40.34 13.05 277.96 317.75 -3.34 
DU14 3.75 24.58 4.9 4.62 37.54 37.85 -0.21 
DU15 1.9 19 7.36 10.48 36.67 38.74 -1.37 
DU16 2.41 24.96 4.74 9.1 39.24 41.21 -1.22 
DU17a 8.32 46.14 13.04 8.31 66.23 75.81 -3.37 
DU17b 9.05 40.53 12.06 8.66 66.23 70.3 -1.49 
CK3 0.44 1.43 3.24 4.64 9.63 9.75 -0.31 
CK4 0.27 1.17 3.33 5.11 9.63 9.88 -0.64 
CK5 0.35 1.17 3.12 5.18 9.63 9.82 -0.48 












Phase Partition Results for Zn (mg/kg) 





DU1 6.93 1.52 8.36 3.82  20.63  
DU2 9.25 2.59 26.82 6.77  45.43  
DU3 16.09 13.19 15.71 25  69.99  
DU4a 245.69 81.68 68.3 98.88  494.55  
DU4b 273.25 65.39 79.32 99.25  517.21  
DU5 3.36 2.87 16.51 17.16  39.9  
DU6 6.09 1.89 15.02 20.56  43.56  
DU7 14.44 6.48 25.41 14.36  60.69  
DU8 12.04 8.43 15.82 9.98  46.27  
DU9 4.14 4.83 14.04 9.78  32.79  
DU10 12.78 7.54 17.27 17.55  55.14  
DU11 5.46 5.04 25.76 9.36  45.62  
DU12 27.56 19.29 34.45 15.69  96.99  
DU13 24.55 13.51 18.46 20.34  76.86  
DU14 5.2 4.4 11.17 11.43  32.2  
DU15 4.78 4.48 16.58 22.26  48.1  
DU16 5.57 5.69 14.39 22.27  47.92  
DU17a 9.08 7.77 12.35 13.72  42.92  







Phase Partition Results for Cu (mg/kg) 





DU1 0.21 0.09 0.83 2.59 3.3 3.72 -2.99 
DU2 0.12 0.04 1.41 2.49 3.78 4.06 -1.79 
DU3 2.57 13.73 8.05 13.7 40.97 38.05 1.85 
DU4a 32.25 13.69 171.62 47.21 248.32 264.77 -1.60 
DU4b 38.85 5.43 173.22 48.9 248.32 266.4 -1.76 
DU5 0.1 0.02 1.33 3.35 4.65 4.8 -0.79 
DU6 0.12 0.05 1.11 2.82 3.64 4.1 -2.97 
DU7 2.04 0.37 11.89 8.64 28.98 22.94 5.82 
DU8 0.17 0.03 2.99 3.87 8.12 7.06 3.49 
DU9 0.13 0.02 2.16 3.57 6.72 5.88 3.33 
DU10 1.63 0.62 24.92 9.41 36.87 36.58 0.20 
DU11 0.3 1.46 4.55 4.12 13.35 10.43 6.14 
DU12 4.49 14.26 12.22 4.19 38.1 35.16 2.01 
DU13 4.62 6.42 26.34 10.8 47.26 48.18 -0.48 
DU14 0.32 1.35 1.37 5.61 11 8.65 5.98 
DU15 0.25 0.33 1.55 4.11 8.9 6.24 8.78 
DU16 0.23 1.1 1.23 3.62 8.33 6.18 7.41 
DU17a 5.44 9.63 13.11 9.52 45.23 37.7 4.54 













Phase Partition Results for Cr (mg/kg) 





DU1 0.97 0.36 5.85 4.27 4.85 11.45 -20.2 
DU2 1 0.26 8.67 5.79 10.14 15.72 -10.7 
DU3 0.87 0.47 5.49 10.38 12.76 17.21 -7.42 
DU4a 0.99 0.34 8.21 8.48 8.75 18.02 -17.3 
DU4b 1.02 0.13 7.85 5.58 8.75 14.58 -12.4 
DU5 1.08 0.32 8.66 8.27 9.37 18.33 -16.1 
DU6 1.21 0.27 9.72 6.79 7.18 17.99 -21.4 
DU7 2.14 0.19 8.09 4.07 8.37 14.49 -13.3 
DU8 1.12 0.32 7.1 3.03 9.39 11.57 -5.20 
DU9 1.27 0.38 7.46 4.32 9.13 13.43 -9.53 
DU10 1.14 0.3 8.55 2.07 7.42 12.06 -11.9 
DU11 1.22 0.41 8.33 3.9 9.27 13.86 -9.92 
DU12 1.25 0.43 7.72 5.3 12.5 14.7 -4.04 
DU13 1.2 0.37 8.44 4.13 8.67 14.14 -11.9 
DU14 1.31 0.54 8.55 11.22 15.59 21.62 -8.10 
DU15 1.21 0.41 8.77 4.39 13.58 14.78 -2.12 
DU16 1.21 0.49 9.15 3.95 13.16 14.8 -2.93 
DU17a 1.42 0.38 7.48 4.88 12.41 14.16 -3.29 













Phase Partition Results for Cd (mg/kg) 





DU1 0.03 0.02 0.02 0.02 0.05 0.09 -14.2 
DU2 0.02 0.01 0.01 0.01 0.07 0.05 8.33 
DU3 0.22 0.1 0.07 0.09 0.39 0.48 -5.17 
DU4a 4.35 0.6 0.41 0.48 5.55 5.84 -1.27 
DU4b 4.43 0.57 0.45 0.47 5.55 5.92 -1.61 
DU5 0.08 0.03 0.04 0.04 0.15 0.19 -5.88 
DU6 0.12 0.03 0.05 0.07 0.21 0.27 -6.25 
DU7 0.28 0.11 0.16 0.09 0.62 0.64 -0.79 
DU8 0.14 0.05 0.06 0.03 0.24 0.28 -3.85 
DU9 0.13 0.06 0.05 0.03 0.25 0.27 -1.92 
DU10 0.21 0.09 0.09 0.05 0.42 0.44 -1.16 
DU11 0.13 0.05 0.12 0.01 0.34 0.31 2.31 
DU12 0.26 0.07 0.11 0.02 0.45 0.46 -0.55 
DU13 0.44 0.11 0.09 0.06 0.58 0.7 -4.69 
DU14 0.1 0.03 0.03 0.03 0.13 0.19 -9.38 
DU15 0.09 0.03 0.03 0.03 0.13 0.18 -8.06 
DU16 0.13 0.05 0.04 0.02 0.19 0.24 -5.81 
DU17a 0.28 0.08 0.08 0.05 0.38 0.49 -6.32 













Phase Partition Results for Ni (mg/kg) 





DU1 2.5 2.5 2.68 3.31 9.45 10.99 -3.77 
DU2 2.27 1.04 1.73 2.52 7.35 7.56 -0.70 
DU3 3.28 2.35 0.61 9.41 16.01 15.65 0.57 
DU4a 9.88 3.36 5.57 6.98 22.92 25.79 -2.95 
DU4b 11.62 2.79 6.16 6.58 22.92 27.15 -4.22 
DU5 2.45 0.97 1.57 4.09 8.85 9.08 -0.64 
DU6 2.87 1.37 3.22 3.47 10.45 10.93 -1.12 
DU7 2.62 1.13 1.67 3.7 8.58 9.12 -1.53 
DU8 3.48 1.31 1 3.55 11.22 9.34 4.57 
DU9 2.84 0.92 0.68 2.7 6.62 7.14 -1.89 
DU10 3.47 1.41 1.25 4.86 12.12 10.99 2.44 
DU11 2.18 0.6 0.48 2.57 5.54 5.83 -1.28 
DU12 3.31 1.18 1.19 3.1 8.81 8.78 0.09 
DU13 3.18 1.27 0.71 4.16 8.82 9.32 -1.38 
DU14 2.51 0.7 0.34 4.83 8.36 8.38 -0.06 
DU15 1.89 0.96 0.4 3.7 8.03 6.95 3.60 
DU16 2.16 0.62 0.37 3.49 7.09 6.64 1.64 
DU17a 2.77 0.89 0.55 2.97 6.89 7.18 -1.03 



























DU1 4.19 3.30 0.00 0.05 4.85 9.45 
DU2 6.53 3.78 0.00 0.07 10.14 7.35 
DU3 46.55 40.97 0.00 0.39 12.76 16.01 
DU4 4040.28 0.00 260.60 0.00 0.00 0.00 
DU5 0.00 248.32 0.00 5.55 8.75 22.92 
DU6 16.87 4.65 0.00 0.15 9.37 8.85 
DU7 14.19 3.64 0.00 0.21 7.18 10.45 
DU8 93.94 28.98 0.00 0.62 8.37 8.58 
DU9 28.42 8.12 0.00 0.24 9.39 11.22 
DU10 38.02 6.72 0.00 0.25 9.13 6.62 
DU11 43.39 36.87 0.00 0.42 7.42 12.12 
DU12 56.26 13.35 0.00 0.34 9.27 5.54 
DU13 92.77 38.10 0.00 0.45 12.50 8.81 
DU14 277.96 47.26 0.00 0.58 8.67 8.82 
DU15 37.54 11.00 0.00 0.13 15.59 8.36 
DU16 36.67 8.90 0.00 0.13 13.58 8.03 












Quality Assurance and Method Validation Results 
Sample 
ID 




















A B C D 
CK3 0.44 1.43 3.24 4.64 -- 9.63 9.75 -0.31 -- 
CK4 0.27 1.17 3.33 5.11 -- 9.63 9.88 -0.64 -- 
CK5 0.35 1.17 3.12 5.18 -- 9.63 9.82 -0.48 -- 
CK8 0.48 1.91 3.43 4.95 -- 9.63 10.77 -2.79 -- 
CK9 0.78 2.18 3.09 3.52 -- 9.63 9.57 0.15 -- 
BCR1 2.29 121 17.3 11 143 139 151.59 -2.16 -0.71 
BCR2 3.28 122 14.7 11.5 143 139 151.48 -2.14 -0.71 
BCR3 4.25 130 8.81 8.31 143 139 151.37 -2.13 -0.71 
Reagent 
A 
0.000         
Reagent 
B 
 0.014        
Reagent 
C 
  0.088       
Filter 
Blank 
0.003 0.003 0.003 0.003  0.003    
































A B C D      
CK3 3.54 1.41 9.5 14.37 -- 8.48 28.82 -27.2 -- 
CK4 3.42 1.66 8.79 14.13 -- 8.48 28 -26.7 -- 
CK5 3.75 1.42 9.46 14.64 -- 8.48 29.27 -27.5 -- 
CK8 15.8
8 
5.24 13.89 15.15 -- 8.48 50.16 -35.5 -- 
CK9 3.58 1.51 22.84 14.93 -- 8.48 42.86 -33.4 -- 
BCR1 208 94 64.9 67.9 399 454 434.8 -2.15 3.22 
BCR2 205 82.3 73.3 80 399 454 440.6 -2.48 3.22 
BCR3 208 83.3 57.9 82.3 399 454 431.5 -1.96 3.22 
Reagent 
A 
0.012         
Reagent 
B 
 0.598        
Reagent 
C 
  28.4       
Filter 
Blank 
0.139 0.139 0.139 0.139      

































A B C D 
CK3 0.14 0.03 0.93 2.27 -- 2.54 5.91 -
19.94 
-- 
CK4 0.1 0.03 1 2.14 -- 2.54 3.27 -6.28 -- 
CK5 0.11 0.01 1.02 2.22 -- 2.54 3.36 -6.95 -- 
CK8 0.18 0.02 1.4 2.51 -- 2.54 4.11 -
11.80 
-- 
CK9 0.26 0.03 1.54 2.57 -- 2.54 4.4 -
13.40 
-- 
BCR1 52.8 112 55.6 27 275 243 247.4 -0.45 -3.09 
BCR2 49.6 111 46.8 32.5 275 243 239.9 0.32 -3.09 





        
Reagent 
B 
 0.157         
Reagent 
C 
  0.218       
Filter 
Blank 
0.074 0.074 0.074 0.074      































A B C D 
CK3 1.33 0.23 6.55 4.43 -- 5.05 17.59 -27.6 -- 
CK4 1.3 0.27 6.4 5.82 -- 5.05 13.79 -23.2 -- 
CK5 1.39 0.24 7.19 3.81 -- 5.05 12.63 -21.4 -- 
CK8 1.5 0.44 9.68 5.09 -- 5.05 16.71 -26.7 -- 
CK9 3.1 0.59 15.0
6 
5.77 -- 5.05 24.52 -32.9 -- 
BCR1 2.31 30.7 153 24.6 272 244 210.61 3.67 -2.71 
BCR2 3.25 33 159 28.2 272 244 223.45 2.20 -2.71 
BCR3 3.67 42.5 145 24.7 272 244 215.87 3.06 -2.71 
Reagent 
A 
3.641         
Reagent 
B 
 1.041        
Reagent 
C 
  24.20       
Filter 
Blank 
0.045 0.045 0.045 0.045  0.045    































A B C D 
CK3 0.1 0.03 0.04 0.06 -- 0.2 0.43 -
18.25 
-- 
CK4 0.09 0.03 0.04 0.05 -- 0.2 0.21 -1.22 -- 
CK5 0.11 0.02 0.04 0.05 -- 0.2 0.22 -2.38 -- 
CK8 0.11 0.02 0.05 0.05 -- 0.2 0.23 -3.49 -- 
CK9 0.11 0.02 0.07 0.03 -- 0.2 0.23 -3.49 -- 
BCR1 7.07 3.7 0.39 0.08 11.7 11.6 11.24 0.79 -0.21 
BCR2 7.95 3.03 0.39 0.09 11.7 11.6 11.46 0.30 -0.21 
BCR3 8.22 2.81 0.25 0.09 11.7 11.6 11.37 0.50 -0.21 
Reagent 
A 
0.001         
Reagent 
B 
 0.015        
Reagent 
C 
  0.027       
Filter 
Blank 
0.006 0.006 0.006 0.006      






























A B C D 
CK3 2.52 1.14 2.82 2.84 -- 5.72 9.32 -11.97 -- 
CK4 2.87 1.03 2.91 2.53 -- 5.72 9.34 -12.02 -- 
CK5 2.69 1.07 3.1 2.62 -- 5.72 9.48 -12.37 -- 
CK8 2.87 1.42 2.51 2.98 -- 5.72 9.78 -13.10 -- 
CK9 4.24 1.95 2.27 3.11 -- 5.72 11.57 -16.92 -- 
BCR1 16 21.6 17 26.4 103 98.1 81 4.77 -4.8 
BCR2 16.1 21 17.2 31.9 103 98.1 86.2 3.23 -4.8 





   
     
Reagent 
B  0.132 
  




















































Two Step Sequential Extraction 





DU1 2.93 15.6 
DU2 2.43 26.59 
DU3 58.73 113.57 
DU4 22187 5804 
DU5 8.43 29.59 
DU6 14.26 113.33 
DU7 253.3 150.43 
DU8 49.27 49.15 
DU9 49.27 69.26 
DU10 63.4 77.79 
DU11 157.67 125.77 
DU12 202.69 188.43 
DU13 218.03 180.62 
DU14 26.14 72.6 
DU15 19.82 76.49 
DU16 30.38 91.01 













Artificial Lung Fluid Extraction 







DU1 0.046 1.86 
DU2 0.0355 23.34 
DU3 0.0558 91.84 
DU4 0.0159 17142.14 
DU5 0.0183 82.89 
DU6 0.0535 32.28 
DU7 0.0009 3028.89 
DU8 0.0213 89.62 
DU9 0.027 155.38 
DU10 0.0381 128.60 
DU11 0.0092 421.17 
DU12 0.0197 403.09 
DU13 0.0459 350.27 
DU14 0.1063 67.72 
DU15 0.0967 55.71 
DU16 0.0634 79.77 
DU17 0.0473 200.31 
BCR 0.0867 109.70 





















DU1 1.0181 0.88 
DU2 1.0053 1.66 
DU3 1.0081 28.3 
DU4 1.0418 3326 
DU5 1.0018 4.43 
DU6 1.0117 1.04 
DU7 0.9933 15.34 
DU8 1.0002 9.38 
DU9 1.0045 11.5 
DU10 0.997 15.33 
DU11 1.0287 32.26 
DU12 0.9976 59.13 
DU13 0.9992 216 
DU14 1.007 21 
DU15 1.0223 15.4 
DU16 1.0605 18.6 
DU17 0.9253 34.7 
BCR 0.999 96.65 


























Exchangeable + Carbonate Phase 
Non-
mining 
0.19 38.594 0.005 15.677 0.002 19.151 .002 2.052 0.00007 0.819 0.00002 
Non-
mining 
0.17 38.649 0.008 15.673 0.003 19.231 0.004 2.010 0.00005 0.815 0.00003 
Non-
mining 
0.42 38.242 0.006 15.657 0.002 18.769 0.003 2.038 0.00007 0.834 0.00002 
Non-
mining 
0.79 38.801 0.007 15.693 0.003 19.316 0.003 2.009 0.00012 0.812 0.00002 
Mining 2.99 38.836 0.022 15.711 0.008 19.563 0.010 1.985 0.00020 0.803 0.00008 
Mining 2049 38.862 0.017 15.718 0.007 19.541 0.007 1.989 0.00039 0.804 0.00015 
Mining 15.4 38.393 0.009 15.679 0.003 18.996 0.004 2.021 0.00006 0.825 0.00003 
Mining 1.63 38.899 0.005 15.726 0.002 19.534 0.002 1.991 0.00010 0.805 0.00004 
Mining 2.94 38.810 0.012 15.704 0.005 19.512 0.005 1.989 0.00010 0.805 0.00006 
Mining 2.65 38.837 0.008 15.722 0.003 19.527 0.004 1.989 0.00006 0.805 0.00002 
Mining 5.89 38.638 0.001 15.696 0.000 19.226 0.000 2.010 0.00002 0.816 0.00001 
Mining 11.76 38.968 0.009 15.742 0.003 19.756 0.004 1.972 0.00009 0.797 0.00005 
Mining 85.06 39.042 0.005 15.770 0.002 19.593 0.002 1.993 0.00009 0.805 0.00003 
Mining 3.75 38.584 0.004 15.692 0.002 19.223 0.002 2.007 0.00004 0.816 0.00002 
Mining 1.9 39.239 0.013 15.769 0.005 19.968 0.006 1.965 0.00009 0.790 0.00003 
Mining 2.41 38.952 0.010 15.712 0.004 19.653 0.005 1.982 0.00007 0.799 0.00003 




0.44 38.465 0.004 15.661 0.002 18.990 0.002 2.026 0.00003 0.825 0.00001 
Non-
mining 

































4.67 38.460 0.009 15.676 0.004 19.078 0.005 2.016 0.00009 0.822 0.00003 
Non-
mining 
1.65 38.658 0.004 15.668 0.002 19.078 0.002 2.026 0.00004 0.821 0.00003 
Mining 34.35 38.955 0.007 15.743 0.003 19.671 0.003 1.980 0.00007 0.800 0.00002 
Mining 2068 38.511 0.008 15.697 0.004 19.166 0.004 2.010 0.00011 0.819 0.00003 
Mining 21.93 38.934 0.008 15.731 0.003 19.651 0.004 1.981 0.00006 0.801 0.00004 
Mining 12.49 38.814 0.009 15.725 0.004 19.615 0.005 1.979 0.00011 0.802 0.00005 
Mining 16.77 38.889 0.009 15.730 0.003 19.610 0.004 1.983 0.00016 0.802 0.00007 
Mining 16.56 38.947 0.008 15.743 0.003 19.700 0.004 1.977 0.00012 0.799 0.00005 
Mining 37.38 38.964 0.005 15.741 0.002 19.738 0.003 1.974 0.00015 0.798 0.00009 
Mining 74.1 38.719 0.008 15.710 0.003 19.392 0.004 1.997 0.00009 0.810 0.00004 
Mining 179.3 38.699 0.007 15.707 0.003 19.287 0.003 2.006 0.00006 0.814 0.00003 
Mining 24.6 39.340 0.010 15.756 0.003 19.918 0.004 1.975 0.00013 0.791 0.00003 
Mining 19 38.935 0.004 15.720 0.002 19.561 0.002 1.990 0.00006 0.804 0.00002 
Mining 25.0 38.955 0.007 15.743 0.003 19.671 0.003 1.980 0.00007 0.800 0.00002 




1.19 38.777 0.012 15.709 0.005 19.393 0.006 2.000 0.00009 0.810 0.00004 
Non-
mining 
1.95 38.429 0.009 15.623 0.003 19.004 0.003 2.022 0.00018 0.822 0.00003 
Non-
mining 
5.12 38.501 0.011 15.689 0.004 19.103 0.005 2.016 0.00021 0.821 0.00006 
Non-
mining 
4.32 38.669 0.005 15.672 0.002 19.077 0.002 2.027 0.00011 0.822 0.00002 

































Mining 574 39.108 0.012 15.750 0.005 19.912 0.005 1.964 0.00024 0.791 0.00007 
Mining 44.8 38.729 0.008 15.720 0.003 19.421 0.004 1.994 0.00015 0.809 0.00004 
Mining 8.47 38.877 0.006 15.734 0.003 19.607 0.003 1.983 0.00004 0.802 0.00002 
Mining 10.3 39.096 0.006 15.755 0.002 19.913 0.003 1.963 0.00012 0.791 0.00007 
Mining 16.1 38.791 0.007 15.717 0.003 19.544 0.004 1.985 0.00007 0.804 0.00003 
Mining 7.09 38.773 0.006 15.723 0.002 19.489 0.003 1.989 0.00017 0.807 0.00009 
Mining 11.6 39.065 0.010 15.764 0.003 19.812 0.004 1.971 0.00008 0.796 0.00004 
Mining 40.3 39.070 0.004 15.745 0.002 19.784 0.002 1.975 0.00007 0.796 0.00004 
Mining 4.9 39.047 0.006 15.722 0.002 19.652 0.003 1.987 0.00006 0.800 0.00002 
Mining 7.36 38.770 0.004 15.705 0.002 19.395 0.002 1.999 0.00011 0.810 0.00005 
Mining 4.74 38.246 0.005 15.653 0.002 18.793 0.002 2.035 0.00006 0.833 0.00003 
Mining 13.0 38.767 0.002 15.699 0.001 19.336 0.001 2.005 0.00004 0.812 0.00001 
Residual Non-silicate Bound Phase 
Non-
mining 
2.14 38.954 0.009 15.717 0.004 19.392 0.005 2.009 0.00005 0.811 0.00002 
Non-
mining 
3.55 38.785 0.003 15.682 0.001 19.294 0.001 2.010 0.00005 0.813 0.00002 
Non-
mining 
5.54 39.222 0.007 15.712 0.003 19.532 0.003 2.008 0.00005 0.804 0.00003 
Non-
mining 
6.28 39.114 0.006 15.735 0.002 19.734 0.003 1.982 0.00007 0.797 0.00002 
Mining 6.4 39.232 0.019 15.710 0.007 19.824 0.009 1.980 0.00025 0.793 0.00016 
Mining 129 39.407 0.018 15.823 0.007 20.206 0.008 1.950 0.00026 0.783 0.00005 
Mining 13.2 39.109 0.007 15.728 0.003 19.692 0.003 1.986 0.00005 0.799 0.00002 






























Mining 4.98 39.419 0.006 15.708 0.002 19.584 0.003 2.013 0.00004 0.802 0.00001 
Mining 7.32 39.541 0.008 15.775 0.003 20.188 0.004 1.959 0.00016 0.782 0.00010 
Mining 4.59 39.791 0.005 15.753 0.002 19.945 0.003 1.995 0.00005 0.790 0.00003 
Mining 4.84 39.713 0.008 15.738 0.003 19.756 0.004 2.010 0.00015 0.797 0.00005 
Mining 13.05 38.879 0.003 15.712 0.001 19.429 0.001 2.001 0.00004 0.809 0.00001 
Mining 4.62 38.988 0.004 15.695 0.002 19.327 0.001 2.018 0.00004 0.812 0.00001 
Mining 10.48 39.781 0.009 15.781 0.002 20.190 0.005 1.971 0.00029 0.782 0.00015 
Mining 9.1 38.906 0.002 15.707 0.001 19.404 0.001 2.005 0.00002 0.810 0.00001 
Mining 8.31 39.397 0.009 15.747 0.003 19.750 0.004 1.995 0.00007 0.797 0.00003 
Aqua Regia Total 
Non-
mining 
4.19 38.722 0.009 15.686 0.003 19.264 0.004 2.010 0.00016 0.814 0.00005 
Non-
mining 
6.53 38.503 0.004 15.637 0.002 18.836 0.002 2.044 0.00004 0.830 0.00002 
Non-
mining 
16.87 37.849 0.008 15.613 0.003 18.255 0.003 2.074 0.00014 0.855 0.00003 
Non-
mining 
14.19 38.467 0.005 15.675 0.002 19.079 0.003 2.016 0.00008 0.822 0.00002 
Mining 46.55 38.762 0.012 15.708 0.004 19.390 0.005 1.999 0.00017 0.810 0.00009 
Mining 4040 39.004 0.016 15.749 0.006 19.758 0.007 1.974 0.00026 0.797 0.00010 
Mining 93.94 38.617 0.007 15.725 0.003 19.190 0.004 2.013 0.00011 0.819 0.00005 
Mining 28.42 38.889 0.010 15.724 0.003 19.630 0.005 1.982 0.00010 0.801 0.00004 
Mining 38.02 39.040 0.013 15.740 0.005 19.761 0.007 1.976 0.00007 0.797 0.00003 
Mining 43.39 39.036 0.010 15.745 0.004 19.858 0.005 1.966 0.00010 0.793 0.00004 



































   
Mining 92.77 39.132 0.006 15.767 0.002 19.891 0.004 1.968 0.00016 0.793 0.00007 
Mining 277.96 39.062 0.010 15.763 0.004 19.853 0.005 1.968 0.00010 0.794 0.00003 
Mining 37.54 38.903 0.009 15.719 0.004 19.571 0.005 1.988 0.00007 0.803 0.00003 
Mining 36.67 38.816 0.009 15.707 0.004 19.395 0.004 2.001 0.00009 0.810 0.00005 
Mining 39.24 38.741 0.009 15.697 0.004 19.329 0.004 2.004 0.00007 0.812 0.00002 
Mining 66.23 38.966 0.010 15.747 0.004 19.633 0.005 1.985 0.00010 0.802 0.00003 
Mine 
Tailing 
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Appendix B contains selected SEM/EDS spectra used to enhance the 
interpretation of this research. Some of these images and spectra were used as main 
figures and supplemental material for publish articles of this investigation.  
Image Group 1 
These images are of hand-ground galena crystals that were used to conduct 
dissolution studies using the various extraction methodologies of the research. Images 
were acquired as both reference for identifying similar crystal habit in dust samples as 
well as to determine particle size for the dissolution studies. The images are presented 
here for those who may need similar reference images of <1µm galena crystals. All 
images were acquired using the Hitachi S4700 SEM at 15.0 kV, 12 mm working distance 
















Image Group 2 
This group of selected images is of samples from the cyclone collection container 
of the CFD sampler. These images were acquired to perform particle size analysis. 
Samples were prepared by suspending small aliquots of sample in ethanol and pipetting 
onto SEM stubs prepared with a carbon sticky dot. All samples were coated with Au-Pd 
prior to imaging. All images were acquired using the Hitachi S4700 SEM. Imaging 
conditions include 15kV accelerating voltage, 9.5 amp emission current, and 12 mm 
working distance. Particle size was determined manually using ImageJ software. A 























Image Group 3 
This group of selected images is of samples from the filter collection portion of 
the CFD sampler. These images were acquired to perform particle size analysis. Samples 
were prepared by suspending small aliquots of sample in ethanol and pipetting onto SEM 
stubs prepared with a carbon sticky dot. All samples were coated with Au-Pd prior to 
imaging. All images were acquired using the Hitachi S4700 SEM. Imaging conditions 
include 15kV accelerating voltage, 9.5 amp emission current, and 12 mm working 
distance. Particle size was determined manually using ImageJ software. A minimum of 


















Image Group 4 
This group of selected images is of the filter media showing van der waals 
attachment of particles to the fibers of the polypropylene mesh. All samples were coated 
with Au-Pd prior to imaging. All images were acquired using the Hitachi S4700 SEM. 
Imaging conditions include 15kV accelerating voltage, 10.5 amp emission current, and 






















Image Group 5 
This group of images shows gravity separated particles containing Pb minerals. 
These images and EDS were used in the interpretation of Pb sources in road dusts. All 
samples were prepared on carbon tape and sputter coated with Au-Pd for 120s. Imaging 
conditions included 15 kV accelerating voltage, 9.5 amp emission current, and a working 





















































































Samples were analyzed with a PANalytical X’Pert Multi-Purpose diffractometer 
utilizing a Cu source and a PIXcel Detector.  Data was collected over the angular range 
(2-theta) of 2-60 degrees with a step size of 0.026 degrees and a counting time of 196 
seconds per point.  Dust samples 1 and 17 show quartz and dolomite as major mineral 
phases. Samples 12 and 16 show PbCO3 as a possible minor phase. 
 






































































































PAPER ONE as it appears in the Journal of Environmental Quality 
Preliminary Assessment of an Economical Fugitive Road Dust Sampler for the Collection 
of Bulk Samples for Geochemical Analysis 















































Revision Memorandum-July 25, 2012 
Memorandum 
From:   Emitt C. Witt III, corresponding author 
To:   Martin Chantigny, Associate Editor, Journal of Environmental Quality 
Subject: Review Response, “Validation of an Economical Dust Sampler for the 
Collection of Bulk Samples for Geochemcial Analysis” (Q12-0158) 
The subject memorandum addresses the general comments provided by two reviewers of 
the Journal of Environmental Quality. There were no uploaded files related to this 
review. 
Thank you for the excellent review comments. The writing team convened within two 
days of receiving these comments to discuss and the following responses are provided. 
We also uploaded our revised manuscript . We used the MS Word track changes option 
to better show where the manuscript has been adjusted. Also included are updates to the 
original manuscript that resulted from our own internal review. 
Reviewer 1 Comments : 
Line 21—We agree that further explanation is needed in the Introduction to clarify why 
we developed this technology and why it needed to be different than traditional methods 
of fugitive dust collection. Our intent was not to down-play traditional methods but to 
show where they were not adequate for the collection schema that we have planned for 
unsurfaced roadways. We feel the only way to adequately characterize fugitive dust 
chemistry for roadways is to have a large volume of sample the does not need further 
preparation for analysis. The added benefit of a large sample is having enough to share 
with other investigators. This effectively eliminates the sample collection step for those 
investigators allowing them to focus more of their limited resources on analysis. We did 
not think a table in the body of the paper comparing dust collection methods would add 
value as we are trying to introduce a new collection technique not critique existing 
techniques. Such a table would be difficult to insert in the body of the paper without 
extensive explanation. We felt the paper would not flow well if this were done and 
thought such a comparison is better done in a standalone paper on fugitive dust collection 







r_4_noTOC-cover_MRpf.pdf) where they describe a number of sampling techniques 
(pros and cons) and include such a table that you suggest. None of the sampling 
techniques they present have a collection quantity associated with them. Furthermore, it 
was mention that most do not provide an adequate sample size for analysis—with the 
exception of some cyclone samplers. This course does not focus on the collection 
deployment which is an important part of our research. We have aligned our sampler 
design with a field deployment schema and describe some of the variables effecting 






Line 38—‘Optimum’ was an enthusiastic but poor choice of words. We revised the 
wording to say ‘average’. Two grams of sample per mile was the average we determined 
during our analysis and cannot be referenced from other sources (Line 41).  
Lines 56 to 60—It is our concern that point samples along a roadway do not adequately 
characterize the chemistry of an entire road reach for the determination of health hazard. 
Few individuals routinely stand along a roadway breathing fugitive dust (exception may 
be a road construction worker). However, many individuals are likely to travel the same 
reach of road two or more times a day to get to and from work, travel to schools, and run 
errands. In this case, exposure is routine and spread over a long area. So to define the true 
health hazard for a road reach, we feel it is important to have a composite sample of the 
entire reach. Our sampling technique provides a mechanism for collecting a composite 
sample directly from suspension at the time of dust generation which we feel will lead to 
a more representative characterization of road dust chemistry. 
Lines 60 to 61—The sampler is inexpensive to build and deploy. We have adequately 
covered the process for building it and really don’t see a need to further expand on that. 
Hopefully we have addressed the concern that we are ‘down-playing’ the other 
techniques in the Introduction. Our goal is to present a ‘better sampling’ approach for 
fugitive dust generated from roadways. 
Line 77 to 78—We have revise our statement to focus more on the quantity of sample 
collected for analysis. We included a reference to the USEPA air sampling course that 
describes the different methods of dust collection. Most collectors are designed to capture 
<2µm particle sizes which limits the range of particles that can have associated trace 
metal contamination. From a human health prospective, we are concerned with what can 
be ingested as well as inhaled. Studies during the 1970s in the new lead belt of Missouri 
show that 90% of trace metals found in fugitive dust samples collected near an active 
smelter were in the equivalent size range of 10 to 20 µm. They also note that this size 
range has such small settling velocities that they tend to remain suspended in the 
atmosphere for long periods of time (Wixson et. al, 1975, NSF RANN study report). 
Lines 114 to 119—We varied the position numerous times to determine the most 





vehicle. While this was not the focus of our paper, we did briefly discuss this on lines 165 
to 168. This paper is written to present a new collection technique, not standardize it. 
Furthermore, standardization may not be possible because of the large number of 
variables affecting sample collection. These variables are discussed further in the paper. 
We do not feel the lack of standardization in anyway will compromise the results of a 
fugitive dust chemistry study.  
Lin 162—If the purpose of this paper were to standardize a well established sampler 
where data on variance and population size already exist, then an appropriate sample size 
can be calculated to achieve conclusions within a predetermined error. However, our 
purpose was to conduct a preliminary assessment of a new sampling technique to 
determine what variability we would see if we sampled the same road reach numerous 
times under the same conditions. Because our assessment is a pilot study and nothing is 
known about the populations of the roads and the two sampling heights we tested, a 
sample size could not be calculated for robust statistical purposes. Not knowing anything 
about the population, we estimated our sample size (10) using the equation by Krejcie 
and Morgan (1970). From here we attempted to collect the ten samples in one day to 
reduce multi-day sampling variability. To achieve the least variability in site conditions, 
we coordinated a travel-free day with local residents. Under these conditions, multi-day 
flexibility was not possible.  Upon completion of our analysis, the variability of both our 
particle size and chemical analysis was so small that we felt additional samples would not 
improve our conclusions. We know that by applying the Central Limit Theorem, as 
sample size increases, the standard error and variability decrease. So if we did not have 
significant variability with 10 samples, we would not likely have it with 20, 30, 40, or 
even 100 samples. In the Introduction of this paper we mention on line 83 that this is a 
preliminary validation. To further emphasize this we have made a title change and have 
adjusted our conclusions to encourage future users of this technology to conduct their 
own quality assessment. We feel our conclusions are sound given the study design and 
have offered a brief explanation of sample size selection in the paper (Lines 220 to 223). 
Line 165—We reworded this statement by removing ‘road dirt’ and substituting with the 





Line 173 to174—This was a good catch because in the description of our sampler design, 
we omitted the fact that a static pressure sensor was inserted in the suction air-stream 
before the filter to measure changes in air pressure resulting from filter clogging. Our 
statement that we assume no clogging is based on the measurements acquired with the 
static pressure sensor and SEM images of the filter media. We do expect filter clogging to 
be an issue when the sampler is deployed for longer distances and have used your 
suggestion to include some type of flow meter attached to a data logger. The manuscript 
text has been adjusted to recommend this addition (Lines 242-247). Mention of the static 
pressure sensor as an integral part of the sampler is on lines 151 to 154. 
Line 316 to 317—We removed this statement from the manuscript because our Pb 
concentration levels are substantially larger than those concentrations where matrix 
effects have been documented.  
Reviewer 2 Comments: 
Line 42—agree with recommendation (Lines 53 to 54). 
Line 76—agree, change incorporated. 
Line 365—agree, change incorporated. 
Additional Corrections/Changes: 
Lines 1 to 2—Title change. 
Line 4—Primary author affiliation addition. 
Lines 24 to 28—Abstract revision. 
Lines 195 to 196—Moved text citing figure 2 to this location. 
Lines 203 to 204—Added statement about increasing cost of sampler setup. 
Lines 212 to 213—Added decimal degree coordinates for the test road. 
Line 258—Converted location of road to decimal degrees. 
Line 286-- Converted location of road to decimal degrees. 
Line 291—Revised sentence wording. 
Lines 356 to 365—Adjusted description of chemical analysis. 
Lines 395 to 396—Revised wording regarding quality control. 
Lines 398 to 399—Added sentence clarifying EDS analysis. 





Line 408—Included collection average. 
Line 429—Revised reporting order. 
Lines 463 to 466—Added statement to justify focus on cyclone collected particles. 
Lines 585 to 586—Added University mandatory ‘contribution’ statement. 
Lines 588 to 592—New reference. 
Lines 607 to 608—New reference. 
Lines 620 to 621—New reference. 
Lines 630 to 635—New reference. 
Lines 638 to 642—New reference. 
Table 1—added ‘Sample Quantity’ and ‘Intake Height’ columns, added rows for mean 
























PAPER TWO as it appears in Chemosphere 
Trace metals in fugitive dust from unsurfaced roads in the Viburnum Trend resource 
mining District of Missouri—Implementation of a direct-suspension sampling 
methodology 
Chemosphere 92:1506-1512 (2013)  






































Memorandum       March 13, 2013 
From:   Emitt C. Witt III, corresponding author 
To:   Karuna Narasimhan, Journal Manager, Chemosphere 
Subject: Review Response, “Trace Metals in Fugitive Road Dust from the 
Viburnum Trend Resource Mining District of Missouri,” by Emitt C. Witt 
III, David J. Wronkiewicz, Robert T. Pavlowsky, and Honglan Shi 
The subject memorandum addresses the general comments provided by three reviewers 
for Chemosphere. There were no uploaded files related to this review. 
Thank you for the excellent review comments. The writing team convened within two 
days of receiving these comments to discuss and the following responses are provided. 
We also uploaded our revised manuscript. Major revisions were warranted and have been 
incorporated into the new version. Some major revision related to paper structure include, 
consolidation of tables 1 and 2 into a single table (table1), replacement of Figure 3 and 
the addition of Figure 4, and a rewrite of the paper title to emphasize the sampling of 
“unsurfaced” roads and implementation of a new sampling technology. New data was 
included from recent particle size counts of each sample and scanning electron 
microscopy/energy dispersive spectra analysis following gravity separation.   Also 
included are updates to the original manuscript that resulted from our own internal 
review. 
Title Revision: The authors revised the title to emphasize road surfaces specifically 
sampled during the study and to emphasize the use of a new sampling technology.  The 
new title is, “Trace Metals in Fugitive Dust from Unsurfaced Roads in the Viburnum 
Trend Resource Mining District of Missouri—Implementation of a Direct-Suspension 
Sampling Methodology.” This title change did not change the scope of the report as 
originally reviewed. 
Reviewer #1 comment: Typing error corrected and Figure 1 has been revised to a vector-
based map that will reproduce much better in the journal. Figure 3 was replaced with an 
image of a galena particle and EDS graph. The second map that was Figure 3 has been 
eliminated from the paper. 
Reviewer #2 comments: The authors specifically thank this reviewer for his/her thorough 
review. We do feel these comments resulted in a much better analysis and reporting of 
our effort. 
Line 26—corrected 
Line 40—removed “distance-adjusted” from the abstract as well as revision to the 
equation originally presented as discussed below. We removed the road distance divisor 
from the equation because we agree with the reviewer that this is redundant 
normalization of the concentration. 
Lines 67-70—our purpose for citing Cho et al. (2011) was to take advantage of his 
excellent literature review. We have revised our statement to reflect our own review 
using ‘Scopus’ with keywords that focus on fugitive dusts, Pb concentrations, and 
unsurfaced roads. This search produced no results for unsurfaced roads, but at least three 





reference and added Kerin and Lin (2010), Mandal et al. (2012), and Brumbaugh, et al. 
(2011) to emphasize the need for reporting our results. 
Lines 94-95-agree, we changed this to ‘potentially a substantial contributor’. 
Lines 211-216-we included in the sentence that these particle were mostly non-spherical. 
Also, we included a one sentence description of what we are seeing in the SEM images. 
Furthermore, a few images are added to the supplemental data for those interested in 
seeing what have for comparison with their work. We recently completed a reanalysis of 
particle size for each sample using five randomly selected images. The new results show 
median particles size collected by the sampler to be much smaller than first reported. 
While we did not go into an explanation as to why we see this, it is thought that the road 
material in our study area, being mostly native soil without gravel additions, produces a 
large quantity of smaller particles. We did not feel that converting our particle size results 
to a ‘spherical equivalent’ was necessary for the intended purpose of this paper. 
Lines 228-229—This comment is one of the reasons why we took a second look at our 
particle size determination. The reanalysis of particle sizes resulted in smaller particles in 
all samples, so this new data suggests that our samples contain the particle sizes found in 
smelter emissions from the earlier study.  Our purpose here was to imply that historic 
deposition of trace metal particles could have an influence on our results. The sentence 
has been reworded to indicate a historic comparison. 
Line 244—agreed and done. 
Line 268—our purpose here is to show there has been a large historical depositional 
component to the trace metal contamination in the VT district. Wixson et al. have the best 
and most complete dataset showing this and no other investigations of this type have been 
conducted since this early 1970s study. Also, the Wixson data have a similar geographic 
distribution of trace metals, and in particular Pb, as our results for unsurfaced road dusts. 
We therefore disagree and conclude this is a fair association. Citing the year Wixson’s 
study was completed also provides a sufficient time reference. 
Lines 316-340—we agree that the addition of the distance numerator normalizes the air-
Pb concentrations twice. Therefore, we recalculated without the distance-weighting and 
labeled this the Fugitive Road Dust (FRD) concentration. Our discussion surrounding this 
revision has been re-scoped to include an enrichment factor that is calculated by dividing 
the FRD by the Federal air standard of 0.15 µg/m
3
. We believe this gives the readership a 
better feel for the level of Pb contributed to the atmosphere from unsurfaced roads. Table 
1 contains all revised data and all instances of the distance-weighted concentrations have 
been removed from the paper.   We also calculated an exposure level of dust per 
kilometer distance traveled for our most severely contaminated road and added this as a 














1) We feel this is a matter of style and considering we have published related work 
using the words ‘trace elements’, we choose to remain consistent in our reporting 
and not change to ‘heavy metal contents’.  Although widely used in the literature, 
“heavy metal” is not self-definitive as Pb may be a high atomic weight element, 
but Co, Ni, Cu, and Zn are not. Furthermore, the element As which is included in 
our analysis is not a metallic element. 
2) We appreciate the reviewer seeing the same investigation path for these road 
dusts, but this reporting is not about the source of Pb or other metals in the VT 
environment. We have suggested possible sources from historic accounts to 
explain the concentrations we are observing, but a formal analysis of isotopes was 
not part of the scope of this study. We are doing isotope work on these dusts for 
another reporting; however, we are still in the process of collecting representative 
end-members for this analysis. Adding an isotope discussion to this paper would 
require many additional words that would substantially exceed the journal 
reporting limits and would change the scope of the effort. 
3) We recognize the shortfall in discussion surrounding our use of the ICP-OES.  
This has been revised by removing the elements for which we did not discuss in 
the paper and providing the precision for both Fe and Al. Our use of the ICP-OES 
was necessary because the concentrations of these elements were too high for the 
ICP-MS. Also added was the accuracy range for all trace elements measured with 
the ICP-MS. And, included are the %RSD for both standard reference materials 
that were digested and analyzed in triplicate. Overall, our analytical precision is 
very good. 
4) Our original draft had one XRD spectrum figure; however, after internal review to 
accommodate the journal word limit, we remove it. We will include four spectra 
in the supplemental data for readers that are interested in seeing what we 
observed. These include, 1) a non-mining area sample with no Pb and other metal 
bearing minerals, 2) the sample with the largest peaks for cerussite, 3) a sample 
displaying weak peaks for cerussite, and 4) a sample with minor peaks for 
chalcopyrite. 
5) This has been resolved as discussed above. 
6) Both papers the reviewer recommends are outstanding and have been reviewed. 
We intend to use these in our next reporting. However, this reporting is not the 
place for these given that our scope focuses on concentration differences between 
the VT mining area and the non-mining areas. 
 
In conclusion, the authors wish to thank the review team for their outstanding 
consideration of our work.  An acknowledgement section was added to the paper to 









Memorandum       March 28, 2013 
From:   Emitt C. Witt III, corresponding author 
To:   Karuna Narasimhan, Journal Manager, Chemosphere 
Subject: Review Response,  CHEM27745R1, “Trace Metals in Fugitive Dust from 
Unsurfaced Roads in the Viburnum Trend Resource Mining District of 
Missouri—Implementation of a Direct-Suspension Sampling 
Methodology,” by Emitt C. Witt III, David J. Wronkiewicz, Robert T. 
Pavlowsky, and Honglan Shi 
The subject memorandum addresses the final revision comments provided by reviewer #2 
for Chemosphere. There were no uploaded files related to this review. 
 
The authors agree with the reviewer and have changed ‘Enrichment’ to ‘Exceedance’ 
throughout the document where it applied to the calculation of EFAAS. Also corrected was 
the space between ‘from’ and ‘18’ on line 27. We believe the difficulty with viewing 
figure 1 is a function of the PDF compression for the reviewers copy. The native TIF file 
is very clear and can be enlarged several times without loss of resolution; therefore, we 
did not make any adjustments to this figure.   
In addition to revisions suggested by reviewer #2, the authors corrected the formats for 
all SI units, check syntax, and revised reference formats according to Journal 
specifications. 
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